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Manuel Lara
Evidence for e+e− → γηc(1S) at center-of-mass energies
between 4.01 and 4.60 GeV at BESIII
This dissertation shows the first evidence of the process e+e− → γηc(1S) using
data collected by the BESIII experiment operating at BEPCII. This process can be
used as a probe to study the nature of recently discovered charmonium-like Y states
between 4.0 and 4.6 GeV, including the Y (4260) and Y (4360). Data collected at
six center-of-mass energies are analyzed, namely: 4.01, 4.23, 4.26, 4.36, 4.42, and
4.60 GeV, corresponding to a total integrated luminosity of 4.6 fb−1. We measure
the Born cross section, σE(e
+e− → γηc(1S)), at each energy using a combination of
twelve ηc(1S) decay channels. Because the significance of the signal is marginal at
each energy (≤ 3.0σ), we also combine all six energies under various assumptions for
the energy-dependence of the cross section. If a Y (4260) is assumed, we measure
σ4.26(e
+e− → γηc(1S)) = 2.11 ± 0.49(stat.) ± 0.33(syst.) pb with a significance of
4.2σ. With our current statistics we are unable to distinguish the Y (4260) process
from others.
Matthew Shepherd, Ph.D
iii
Ryan Mitchell, Ph.D
Adam Szczepaniak, Ph.D
Chen-Yu Liu, Ph.D
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Chapter 1
Motivation
The field of charmonium spectroscopy is concerned with discovering or predicting
mass states composed of charm-anticharm (cc¯) quark pairs. The rest mass energy
of the charm quark is about 1000 times that of the ubiquitous up or down quarks
which make up the familiar proton and neutron. The discovery of the spin triplet cc¯
meson called the J/ψ by Samuel Ting and Burton Richter in 1974 was a monumental
moment in particle physics. That year the first radial excitation of the J/ψ, or ψ(2S),
was discovered by Burton Richter’s SLAC group. These discoveries contributed to
the eventual acceptance of quarks as real particles as opposed to some mathematical
construct. Despite over thirty years of study the field of charmonium is still rich with
many surprises.
Tens of unexpected particles have been discovered with properties unlike conven-
tional charmonia at similar energies. Collectively these resonances are known as the
“XYZ” [29]. Some may represent a new class of exotic particles composed of four
1
quarks. Further efforts by both theorists and experimentalists in addition to more
data is expected to shed further light on the nature of the XYZ. 1.
In collisions of e+e− their annihilation proceeds via an intermediate virtual pho-
ton with well-constrained quantum numbers JPC = 1−−. The resulting resonance
must have an odd spatial parity or, by the relation P = (−1)L+1, have 0 or even
orbital angular momentum. The mass spectrum of predicted and unpredicted char-
monium states are shown in Figure 1.1. The yellow boxes represent charmonium
states predicted by theory and confirmed by experiment. The grey boxes represent
the charmonium states predicted but not yet discovered. The red boxes are discov-
ered charmonium-like states whose nature is still unknown. Above 4 GeV only the
ψ(4040), ψ(4160), and ψ(4415) states were both predicted and discovered.
In addition to the conventional vector charmonium states at center-of-mass ener-
gies between 4.0-4.6 GeV, recent measurements at e+e− collider facilities [20, 50] re-
port observations of charmonium-like states that appear supernumerary. The Y (4260)
was the first vector charmonium-like state discovered. By analyzing events where an
electron or positron radiate a photon and annihilate at center of mass energies around
4260 MeV the BaBar experiment observed an enhancement in pipiJ/ψ [20], see Fig-
ure 1.2. The Y (4260) was soon confirmed by the Belle experiment using the same
1XYZ refers to a wide range of detected particles that were not predicted. The meaning of the
labels are as follows: Y - vector states with JPC = 1−−, Z - charged quarkonium-like states, X -
particles that don’t follow a Y or Z label. It should be noted that the Particle Data Group lists all
XY Z particles simply as X.
2
Figure 1.1: The mass spectrum of predicted and unpredicted char-
monium states. The yellow boxes represent charmo-
nium states predicted by theory and confirmed by ex-
periment. The grey boxes represent the charmonium
states predicted but not yet discovered. The red boxes
are discovered charmonium-like states whose nature
is still unknown. The DD open-charm threshold at
3.73 GeV is also shown. The figure is taken from a
presentation by R. Mitchell [54].
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initial state radiation (ISR) technique employed by BaBar [50]. Another enhancement
around 4360 MeV in pipiψ(2S) decays was also discovered by BaBar and confirmed
by Belle [21, 60], see Figure 1.3. Other decay channels of Y (4260) or Y (4360) are
lacking, which make it difficult to constrain the range of theories proposed to explain
their nature.
Figure 1.2: From [50], the pi+pi−J/ψ invariant mass at energies
between 3.8-5.6 GeV reported by the Belle collabora-
tion.
Radiative transitions of quarkonium allow for a distinct experimental signature
due to the monochromatic transition photon. In addition, it offers a sensitive way to
probe the internal dynamics. Radiative transitions involving a flip in the spin of the
quarkonium constituent quarks are suppressed by the inverse-square of the quark mass
and are called M1 transitions. In the case of a vector meson (JPC = 1−−), the quark
spins are aligned with no relative angular momentum. Therefore, final states with
4
Figure 1.3: From [51], the pi+pi−ψ(2S) cross section at energies
between 4.0-5.5 GeV as measured by the BaBar and
Belle Collaborations in stars and solid circles, respec-
tively. The solid curve is the best fit to both exper-
iments data with three coherent Breit-Wigners: the
Y (4260), Y (4360), and Y (4660). The dashed curve is
the Y (4260) signal shape.
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quark spins anti-aligned are suppressed. This explains why conventional ψ states like
ψ(2S) decay to γχc0(1P ) about 30 times more often than γηc(1S). In stark contrast,
interpretations of the Y (4260) as a meson coupled with a constituent gluon or hybrid
meson predict γηc(1S) decay rates to be enhanced relative to γχc0(1P ) by a factor
of 2 [38]. Unfortunately, only a weak e+e− → γχc0 signal was measured between
4.0-4.6 GeV [14] and at 4.23 GeV the significance of the χc0 signal was 0σ.
We report evidence for e+e− → γηc(1S) using data collected by the BESIII collab-
oration at center-of-mass energies: 4.01, 4.23, 4.26, 4.36, 4.42, and 4.60 GeV. We re-
construct ηc(1S) in twelve decay channels: pi
+pi+pi−pi−pi0pi0, pi+pi−pi0pi0, pi+pi+pi−pi−η,
K+K−pi+pi−pi0, pi+pi+pi+pi−pi−pi−, pi+pi+pi−pi−, pi+pi−η, K±KSpi∓pi+pi−, K±KSpi∓,
K+K−pi0, K+K−pi+pi−, andK+K−pi+pi+pi−pi−. These are the strongest well-established
decay modes of the ηc(1S) reported by the Particle Data Group (PDG) [56]. While
we do not find evidence for this process at any individual energy, the significance is
consistently above 3σ when we combine all of our datasets according to the assump-
tion that the energy-dependence of the cross section follows a Y (4260), Y (4360), or
a constant. With our current statistics, we cannot make firm conclusions about the
energy-dependence of the cross section. However, we note that the cross section is
better explained by a Y (4260) than by conventional charmonium states: ψ(4040),
ψ(4160), and ψ(4420), where the states are described by a Breit-Wigner with a mass
and width fixed to the world average values given in the PDG [56].
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In this dissertation we present an analysis of e+e− → γηc(1S) which is decomposed
into 10 chapters. In Chapter 2, an introduction of the Standard Model is presented
with focus on Quantum Chromodynamics (QCD) and Quantum Electrodynamics
(QED). In addition, an overview of charmonium spectroscopy and the role radiative
transitions play in understanding the quark dynamics of quarkonium follows. We
also discuss properties and interpretations of the Y (4260) and Y (4360). The chapter
ends by examining contributions from conventional and non-resonant processes to the
production of γηc(1S) in electron positron annihilation.
Chapter 3 introduces the BEPCII accelerator, which is capable of colliding elec-
trons and positrons at center-of-mass energies between 2.8-4.6 GeV. The BESIII col-
laboration performed a scan from electron-positron annihilation at energies between
4.01-4.60 GeV. The design and construction of the BESIII spectrometer with focus on
tracking, particle identification, and calorimetry is discussed. In addition, an overview
of the BESIII trigger and data acquisition is also presented.
Chapter 4 presents an overview of the BESIII Oﬄine Software System (BOSS),
which enables the reconstruction of charged and neutral particles. A discussion of
the MC packages specific to this analysis is also included.
Chapter 5 provides a discussion of statistical techniques with emphasis on data
modeling, likelihood fitting, figure of merit and hypothesis testing.
7
Chapter 6 discusses more broadly the derivation of the cross section in e+e−
collisions from theoretical and experimental perspectives.
The analysis, results, and study of systematic errors of this work are presented
in Chapters 7-9. Ch. 7 details the data processing steps taken to select candidate
e+e− → γηc(1S) events in a channel-dependent manner. This is achieved with the
modeling of signal and background MC as discussed in the chapter. The background
ISR processes are also discussed at the end of the chapter. The results of the anal-
ysis are presented in Ch. 8. A study of the systematic error associated with this
measurement is discussed in Ch. 9.
Chapter 10 ends by concluding that while we observe evidence for e+e− → γηc(1S)
at 4.23 and 4.26 GeV we are unable to distinguish among the possible production
mechanisms and therefore cannot claim unambiguous evidence of Y (4260) to γηc(1S).
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Chapter 2
Theoretical Background
The fundamental building blocks of matter in the universe are fermions, point-like
particles with half integer spin. Four fundamental forces govern the interaction be-
tween fermions via mediator particles known as gauge bosons. The Standard Model
is a theoretical framework that unifies all particle interactions with three of the four
forces, namely: the electromagnetic force, the weak force, and the strong force. While
the Standard Model is known to be an incomplete theory of all forces, its predictions
have been consistently validated. A notable validation of the theory is the discovery
of the Higgs boson [2, 32], the first spin 0 fundamental particle that gives mass to all
matter.
In the framework of the Standard Model the electromagnetic, weak, and strong
forces are mediated by particles with integer spin. Their interactions are described
by a gauge theory. The electromagnetic force is mediated by a photon; the weak force
is mediated by the W± and Z0; and the strong force is mediated by eight gluons.
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Fermions can be further classified into color and non-color species called quarks
and leptons, respectively. An important property of the strong force is that the
potential energy between color charged particles increases linearly with distance; the
implication being that color particles generate enough energy at sufficient distance
to produce other color particles. Color confinement is the phenomenon that a color
charged particle (such as a quark) cannot exist in isolation, and therefore cannot be
directly observable. In this way quarks clump together to form hadrons. The most
common subset of hadrons are mesons and baryons which are made up of quark pairs
or triplets, respectively. Gluons, being the mediator of color, also cannot be directly
observed.
2.1 Standard Model
In the Standard Model (SM) there are six quarks and leptons each grouped into
three pairs called generations [58], see Table 2.1. All stable matter belongs to the
first generation with each subsequent generation heavier than the previous, with the
possible exception of the neutrinos. For every particle there is an anti-particle with
the same mass but opposite electric charge and handedness denoted with a bar. A
proton, for instance, is composed of up (u) up (u) and down (d) quarks denoted uud,
while an anti-proton is composed of anti-up (u¯) anti-up (u¯) and anti-down (d¯) quarks
denoted u¯u¯d¯. The electron, muon and tau all carry the same unit of electron charge
10
while quarks carry fractional electron charge.
2.1.1 Classification
The six quarks can be combined in pairs or triplets to make mesons or baryons,
respectively. More generally, any particles composed of quarks are called hadrons. It
is these hadrons that are ultimately measured by a detector. The multitude of meson
and baryon states can be classified according to a set of quantum numbers. In this
section we limit our discussion to mesons.
A particularly useful set of quantum numbers to describe properties of a particle
are JPC . The total angular momentum (J) is the vector sum of angular momentum
(L) and total spin (S). If a meson is composed of identical quarks (qq¯) then the
interchange of the quarks is known as spatial parity (P ). The spatial parity is the
product of the constituent quark parities and (−1)L. The intrinsic parities of a quark
and anti-quark are opposite, therefore, P = (−(−1)L). In addition to the spatial
parity quantum number a qq¯ meson can also undergo charge parity, C. Flipping the
charge of flavor neutral mesons like cc¯ does not change the particle species making
charge conjugation a valid quantum number. For such flavor neutral states the charge
parity is C = (−1)L+S. Nomenclature borrowed from atomic physics alternatively
describes mesons in terms of the radial energy level of the system (n), the orbital
angular momentum (L), and the total spin (S). In spectroscopic notation this would
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be expressed as n2S+1LJ .
Each quark, except u and d, carry a flavor based on their type. A charm quark,
for instance, carries charm (C) flavor. Similarly, there are quarks with flavors:
strangeness (S), bottomness (B’), and topness (T). These flavors assign to each hadron
an integer value whose convention is that flavor charge and the electric charge of a
quarks have the same sign. In this way any flavor of a charged meson has the same
sign as its charge. Hypercharge (Y ) is a quantum number related to the strong
interaction and is defined as
Y = S + C +B′ + T +B
where B is the baryon number defined as 1
3
(nq−nq¯), where nq is the number of quarks
and nq¯ is the number of antiquarks. The close mass of the u and d quarks hint at a
symmetry called isospin. From the perspective of isospin, the u and d quarks are the
same particle in two states. Through a rotation in isospin a u quark can be turned
into a d quark. The isospin of the u and d is 1/2 with different projections onto
the z-axis (Iz). Isospin is an approximate symmetry due to the degenerate mass of
the u and d quarks. In strong interactions flavor is conserved but violated in weak
interactions.
If we restrict ourselves to the four lightest quarks (u, d, s, and c) Figure 2.1 reveals
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a rich map of possible pseudoscalar (JP = 0−) and vector (JP = 1−) meson states.
The three planes are separated by the charm (C) quantum number so that the middle
plane is made up of particles with C = 0. This includes cc¯ mesons which contain
“hidden” charm. The flavor neutral mesons composed of qq¯ quarks pairs can be seen
huddled in the center of the middle plane of Figure 2.1.
Fermions Name Symbol Spin
EM
charge
Color
charge
Mass (MeV/c2)
Lepton Electron e 1/2 -1 0 0.511
Muons µ 1/2 -1 0 105.7
Tau τ 1/2 -1 0 1,777
Electron Neutrino νe 1/2 0 0 < 0.0000022
Muon Neutrino νµ 1/2 0 0 < 0.170
Tau Neutrino ντ 1/2 0 0 < 15.5
Quarks up u 1/2 +2/3 RGB 1.5-3.3
charm c 1/2 +2/3 RGB 1,160-1,340
top t 1/2 +2/3 RGB 169,100-173,300
down d 1/2 -1/3 RGB 3.5-6.0
strange s 1/2 -1/3 RGB 70-130
bottom b 1/2 -1/3 RGB 4,130-4,370
Table 2.1: Properties of quarks and leptons.
2.1.2 Quantum Chromodynamics
Quantum Chromodynamics (QCD) is a subset of the Standard Model that deals
exclusively with the strong force. In QCD, color is transferred between quarks via
gluons. Quarks carry color charge denoted RGB for red, green, or blue, while anti-
quarks carry color charge R¯G¯B¯ for anti-red, anti-green, or anti-blue. Gluons are
13
6 15. Quark model
Z
Figure 15.1: SU(4) weight diagram showing the 16-plets for the pseudoscalar (a) and
vector mesons (b) made of the u, d, s, and c quarks as a function of isospin Iz , charm C, and
hypercharge Y = B + S −C
3
. The nonets of light mesons occupy the central planes to which
the cc¯ states have been added.
These mixing relations are often rewritten to exhibit the uu¯ + dd¯ and ss¯ components which
decouple for the “ideal” mixing angle θi, such that tan θi = 1/
√
2 (or θi = 35.3
◦). Defining α = θ
+ 54.7◦, one obtains the physical isoscalar in the flavor basis
f ′ = 1√
2
(uu¯+ dd¯) cosα− ss¯ sinα , (15.8)
and its orthogonal partner f (replace α by α –90◦). Thus for ideal mixing (αi = 90◦), the f ′
becomes pure ss¯ and the f pure uu¯+ dd¯. The mixing angle θ can be derived by diagonalizing the
mass matrix (
m8 m81
m18 m1
)
The mass eigenvalues are mf ′ and mf . The mixing angle is given by
tan θ =
m8 −mf ′
m81
.
August 21, 2014 13:18
Figure 2.1: From [56], diagram of pseudoscalar (a) and vector (b)
meso states composed of u, d, s, and c quarks.
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massless mediator bosons that come in eight combinations of color and anti-color.
The strength of the color charge in an interaction is summarized by a number known
as a coupling constant. A weakly coupled interaction, such as the electric charge in
Quantum Electrodynamics (QED), has a value much smaller than 1, or αQED  1,
which enables a perturbative expansion of QED. In contrast, the QCD coupling αs(Q)
strongly depends on the energy used to probe an interaction which we denote as Q.
The QCD coupling can be approximated as
αs(Q) =
2pi
β0 ln(Q2/Λ2QCD)
(2.1)
where ΛQCD is the energy at which the coupling constant becomes large and the
physics becomes nonperturbative, β0 = 11− 23nf with nf being the number of quark
flavors at or below the interaction energy µ. At high energies Q2  Λ2 the running
coupling αs → 0, a discovery that was awarded the 2004 Nobel Prize in Physics. The
QCD scale is measured to be about 217 MeV [41] which can also be seen in Figure 2.2.
2.1.3 Quantum Electrodynamics
Quantum Electrodynamics (QED) is among the most precise and stringent theories
in physics. In electromagnetic interactions the photon mediates the force between
electric charges. The photon, unlike gluons, is massless and does not self-interact
15
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1.3. Asymptotic Freedom
Having introduced the gauge fixing term and an associated ghost term by means of
the Faddeev-Popov procedure [5, 6], one can carry out perturbation theory in terms
of coupling. Similar to QED, a dimensionless physical quantities R can be expressed
by a perturbation series in powers of the coupling parameter αs (αs is the notation
for g2/4π). Owing to the renormalization process, a renormalization scale µ enters the
algebra [7] in order to remove the ultraviolet divergence. Therefore, one can write the
dimensionless quantities R in terms of other available dimensionless parameters Q2/µ2
and the renormalized coupling αs(µ
2). However, the physical quantity R cannot depend
on the arbitrary µ. This means that R should be renormalization scale invariant
µ2
dR
dµ2
=
[
µ2
∂
∂µ2
+ µ2
dαs
dµ2
d∂
dαs
]
R
(
αs(µ
2), Q2/µ2
)
= 0. (9)
This equation explicitly shows that any dependence of R on µ must be cancelled by an
appropriate µ-dependence of αs. It is also natural to identify the renormalization scale
with the physical energy scale of the process, i.e. µ2 = Q2. The running coupling is
described by the renormalization group equation [7],
Q2
∂αs
∂Q2
= β
(
αs(Q
2)
)
. (10)
Whenever the coupling is small, the β function can be computed perturbatively,
β(αs) = −β0α2s(Q2)− β1α3s(Q2) + ..., (11)
with
β0 =
33− 2Nf
12π
, β1 =
153− 19Nf
24π2
. (12)
Figure 2.2: From [46], the running coupling constant as a function
of momentum transfer Q2 determined from different
processes.
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making the application of perturbative expansion feasible. A notable application of
QED is the calculation of the scattering cross section σ(e+e− → e+e−), which is used
to precisely determine the luminosity of an e+e− collider.
In experimental physics, a common approach to producing quarkonium is to collide
electrons and positrons. When an electron and positron annihilate an intermediate
virtual photon with quantum numbers 1−− will sometimes produce a quark anti-quark
bound state with some energy dependent probability. One way to study quarkonium
with different quantum numbers is to look for radiative transitions. A radiative
transition involves an initial state hadron with quantum numbers JPiCii emitting a
photon and transitioning to a final state hadron with quantum numbers J
PfCf
f .
In radiative decays an electromagnetic transition (EM) matrix takes an initial
state (i) to a final state (f). While the EM amplitudes can be computed from first
principles in lattice QCD, these calculations are still in their infancy [39]. Currently
only potential models predictions are accurate enough to be compared to data. This
approach allows the spatial dependence of EM amplitude to be described by func-
tions of the quark position (r) between the initial and final state wave functions and
the transition photon energy (k). To lowest order the transition matrix is an electric
dipole or E1 transition with transition element 〈f |r|i〉 or in a magnetic dipole tran-
sitions M1 with a transition matrix 〈f |j0(kr/2)|i〉, where j0(x) = sin(x)/x. In E1
transitions the spins do not flip (∆S = 0) so the angular momentum must necessarily
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change by one unit (∆l = 1). In M1 transitions the spin states flip (∆S = 1) and the
angular momentum stays constant (∆l = 0). A multipole expansion of the transition
matrix show that E1 transitions are favored relative to M1 transitions by 1/m2q.
2.2 Charmonium
The bound state of a charm and anti-charm quark (cc¯) is known as charmonium.
The mass of the charm quark is heavy enough to slow their velocity (v) with respect
to the speed of light (c) such that ((v/c)2 ≈ 0.3). This allows for a nonrelativitic
treatment of their decays. Additionally, the strong coupling constant is of order 0.1
for charmonia which allows for their treatment in perturbative QCD. The heavy mass
of the charm quark and the small coupling at charmonia energies make it an exciting
place to test models and calculations of QCD.
2.2.1 Spectroscopy
Analogous to the hydrogen atom, different configurations of charm quark spins, angu-
lar momentum and radial excitation will lead to a spectrum of states. The potential
between the charm and anti-charm quarks is modeled by a color Coulomb term at
short distance, a linear confining term at large distances, and spin interaction terms.
The mass spectrum can be approximated by ignoring relativistic effects. Figure 2.3
shows select electromagnetic and hadronic decays for known or candidate charmonium
18
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I. INTRODUCTION
Quarkonium spectroscopy has celebrated a great re-
surgence in the past few years thanks to a wealth of new
information, primarily from electron-positron colliders,
but also from hadronic interactions. Transitions between
quarkonium states shed light on aspects of quantum
chromodynamics !QCD", the theory of the strong inter-
actions, in both the perturbative and nonperturbative re-
gimes. In the present paper we review the new informa-
tion on these states and their transitions and indicate
theoretical implications, updating earlier discussions
such as those by Kwong et al. !1987, 1988"; Kwong and
Rosner !1988"; Godfrey and Rosner !2001a, 2001b,
2002"; Barnes and Godfrey !2004"; Brambilla et al.
!2004"; Eichten et al. !2004" !which may be consulted for
explicit formulas".
We deal with states composed of a heavy quark Q=c
or b and the corresponding antiquark Q¯. We discuss QQ¯
transitions primarily to other QQ¯ states, with some ref-
erence to processes involving QQ¯ annihilation, and
largely bypass decays to open flavor #treated, for ex-
ample, by Barnes and Godfrey !2004"; Brambilla et al.
!2004"; Eichten et al. !2004, 2006"; Barnes et al. !2005"$.
A brief overview of the data on the charmonium and
bottomonium systems is provided in Sec. II. We then
review theoretical underpinnings in Sec. III discussing
quarks and potential models, lattice gauge theory ap-
proaches, perturbative QCD and decays involving glu-
ons, and hadronic transitions of the form QQ¯→ !QQ¯"!
+ !light hadrons". Section IV is devoted to charmonium.
Section V treats the bb¯ levels and includes a brief men-
tion of interpolation to the bc¯ system. Section VI pro-
vides a summary.
II. OVERVIEW OF QUARKONIUM LEVELS
Since the discovery of the J /% more than 30 years ago,
information on quarkonium levels has grown to the
point that more is known about the cc¯ and bb¯ systems
than about their namesake positronium, the bound state
of an electron and a positron. The present status of char-
monium !cc¯" levels is shown in Fig. 1, while that of bot-
tomonium !bb¯" levels is shown in Fig. 2. The best-
established states are summarized in Tables I and II.
The levels are labeled by S, P, D, corresponding to
relative orbital angular momentum L=0,1 ,2 between
quark and antiquark. !No candidates for L&3 states
have been seen yet." The spin of the quark and anti-
quark can couple to either S=0 !spin-singlet" or S=1
!spin-triplet" states. The parity of a quark-antiquark
state with orbital angular momentum L is P= !−1"L+1;
the charge-conjugation eigenvalue is C= !−1"L+S. Values
of JPC are shown at the bottom of each figure. States are
often denoted by 2S+1#L$J, with #L$=S ,P ,D , . . . . Thus
L=0 states can be 1S0 or
3S1; L=1 states can be
1P1 or
3P0,1,2; L=2 states can be
1D2 or
3D1,2,3, and so on. The
radial quantum number is denoted by n.
III. THEORETICAL UNDERPINNINGS
A. Quarks and potential models
An approximate picture of quarkonium states may be
obtained by describing them as bound by an interquark
force whose short-distance behavior is approximately
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Figure 2.3: From [39], the k ow or candidate states of the char-
monium family shown with select electromagnetic and
hadronic decays.
states. The threshold for D meson pair production is shown as a dashed horizontal
line.
The discovery of the first charmonium meson, J/ψ, was achieved simultaneously
b experiments in Brookhaven [23], in collisions of protons on a stationary target,
and SLAC [24], in electron-positron reactions. In the Brookhaven experiment the
J/ψ was discovered in decays to µ+µ−. Detectors in high energy physics are designed
to measure candidate charged and neutral particle momenta and energies. With
knowledge of the initial center-of-mass energy and an application of conservation of
energy and momentum the mass of the decaying particle is calculated. The width of
this distribution is related, by the Heisenberg uncertainty principle, to its lifetime.
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The current world average of the J/ψ width is 92 keV, which makes it the longest
lived charmonium resonance with a lifetime of τ = ~/∆E = 7.2× 10−21s. The mass
shape of most resonances with mass M and decay width Γ can be described by the
Breit-Wigner distribution:
BW (m) ∝ 1
(m−M)2 + (Γ/2)2 (2.2)
The lifetime of the J/ψ is approximately 1000 times greater than the typical
hadron. Two factors are responsible for the long lifetime of the J/ψ. First, flavor is
conserved in strong interactions, so any hadronic reaction of cc¯ must involve a mesons
with net zero charm. The only other light charmonium resonance is the ηc(1S) which
is a ground state cc¯ meson in a spin singlet state. Second, the J/ψ mass is too small
to allow for decays involving a D(cu¯) and D¯(c¯u) mesons.
2.2.2 Radiative decays
A radiative transition takes an initial state meson into a final state meson by emitting
a photon which carries with it JPC = 1−−. The radiative transition of a resonance
produced by e+e− annihilation offers the experimenter a way to probe final state
configurations of the JPC quantum numbers other than 1−−.
The M1 transition, J/ψ → γηc(1S), proceeds with a transition photon energy
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(ω) of about 114 MeV. An illustration of this processes is shown in Figure 2.4. The
transition photon spectrum can be written according to Eqn 2.3 [39]
dΓ
dω
=
4
3
α
e2c
m2c
ω3|M |2BW (ω) (2.3)
Where M =< ηc(1S)|j0(ωr/2)|J/ψ > is the matrix element of the transition, j0(x) =
sin(x)/x, ec and mc are the charm quark charge (in electron charge units) and mass,
respectively. The Breit-Wigner, BW (ω), takes into account the with of ηc(1S). In
the limit ω → 0 the transition matrix tends to unity. As the photon energy increases
the matrix element slowly decreases.
The CLEO experiment found the transition photon line shape in J/ψ → γηc(1S)
to be asymmetric, which resulted in a poor fit to the ηc(1S) mass distribution with
only a Breit-Wigner. CLEO modified the the fit shape with an ω3 term, which
improved the fit around the ηc(1S) peak, but also introduces a diverging tail at
higher photon energies [55]. The tail was suppressed with a photon energy-dependent
exponential, exp(− w2
8β2
), where β = 65 MeV. This damping term was motivated as the
overlap of two ground state wave functions. As pointed out by [18], this argument only
holds for potentials of harmonic oscillators. The KEDR damping factor in Eqn 2.4
does not pose any physical motivation and still adequately fits the data. KEDR
showed no significant difference in their and CLEO’s damping factor. In the analysis
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of e+e− → γηc(1S), the difference in ηc(1S) signal yields with and without an energy-
dependent electromagnetic transition with the KEDR damping factor is studied and
taken as a systematic uncertainty, see Chapter 9.9.
dΓ
dω
∝ ω3 ω
2
0
ωω0 + (ω − ω0)2BW (ω),where ω0 =
M2J/ψ −M2ηc(1S)
2MJ/ψ
(2.4)
hindered. The widths of hindered transitions are entirely
given by higher-order and relativistic corrections.
Equation (1) is not sufficient to explain the observed
transition widths. In the case of allowed ones, for instance,
it overpredicts the observed J= ! !c" transition rate by
a factor 2 to 3. A large anomalous magnetic moment or
large relativistic corrections have been advocated as a
solution to this problem. Hence, it is crucial to supplement
Eq. (1) with higher-order corrections. EFTs provide a
systematic and controlled way for doing it.
EFTs are characterized by a power counting and a range
of validity (the system must consist of a specific hierarchy
of scales). Errors are controlled by the power counting;
higher-order corrections can be systematically included.
Among these, EFTs include corrections coming from
higher-Fock states, typically missed in potential models.
In particular, in both NRQCD and pNRQCD color-octet
contributions play a crucial role in some processes.
NRQCD is obtained from QCD by integrating out
modes of energy m. The energy scale m is sometimes
called hard. We denote with !QCD the typical hadronic
scale. Since m! !QCD, the matching procedure that en-
sures the equivalence of the two theories may be carried
out in perturbation theory. At this stage, also hard photons
are integrated out. However, at the accuracy we are inter-
ested in, their contribution is negligible.
pNRQCD is obtained from NRQCD by integrating out
modes of energy mv. This scale is sometimes called soft.
We shall distinguish between strongly coupled quarkonia,
for which mv"!QCD and weakly coupled quarkonia, for
which mv2 * !QCD. In the first case, the matching has to
be done in a nonperturbative fashion. In the second case, it
may be done order by order in the strong-coupling con-
stant. Low-lying quarkonia are believed to be in the weak-
coupling regime, higher excitations in the strong-coupling
one. Soft photons are also integrated out at this stage, but
its contribution is numerically irrelevant with respect to
that one coming from soft gluons. In the strong-coupling
regime, the degrees of freedom of pNRQCD (coupled to
electromagnetism) are singlet-quarkonium fields and pho-
tons of energy and momentum of order mv2 or smaller.
The scale mv2 is sometimes called ultrasoft. In the weak-
coupling regime, there are also octet quarkonium fields and
ultrasoft gluons. Ultrasoft fields are multipole expanded
about the center-of-mass coordinate. The power counting
of the pNRQCD Lagrangian goes as follows. Ultrasoft
gluons and virtual photons scale like mv2, the real photon,
emitted in a single-photon transition, scales like mv2 or
smaller. In addition, the matching coefficients inherited
from NRQCD are series in #s. To simplify the counting,
we will assume that #s#m$ " v2. In the weak-coupling
regime, the matching coefficients of pNRQCD can be
calculated in perturbation theory. Since the static potential
is proportional to #s#1=r$=r"mv2, it follows that
#s#1=r$ " v.
In this paper, we will mainly work out pNRQCD in the
weak-coupling regime. Therefore, our final expressions
will be applicable only to the lowest quarkonium reso-
nances. However, some intermediate results will also apply
to the strong-coupling regime. In particular, the 1=m and
1=m2 matching will be valid to all orders in #s.
Some of the results presented here are new, some may be
understood as a rewriting in the language of EFTs of results
already derived a long time ago in the framework of
phenomenological models. Among others, we will address
and answer the following questions. (i) What is the size of
the quarkonium anomalous magnetic moment? (ii) Is there
a scalar interaction contribution to M1 transitions?
(iii) What is the size of the octet contributions to M1
transitions? We will end up with a rather concise formula
which takes into account the full O#k3"v2=m2$ relativistic
corrections. We will clarify the validity and range of ap-
plicability of the widely used formula of Ref. [15].
Applications to some M1 transitions between low-lying
quarkonia will be discussed at the end.
The paper is organized as follows. In Sec. II, we first
briefly review NRQCD and pNRQCD, then work out the
basic formalism and calculate the transition widths in the
nonrelativistic limit. In Sec. III, we match the electromag-
netic interaction Lagrangian of pNRQCD relevant for M1
transitions up to 1=m3 terms. In Sec. IV, we calculate
contributions to the transition widths from wave function
corrections and, in particular, color-octet contributions. In
Sec. V we sum all corrections and give the final formulae
valid up to order k3"v2=m2. In Sec. VI, the decay rates of
J= ! !c", "#1S$! !b", "#2S$! !b#2S$", "#2S$!
!b", !b#2S$! "#1S$", hb#1P$! $b0;1#1P$", and
$b2#1P$! hb#1P$" are calculated. Finally, in Sec. VII
we conclude. In one appendix, we discuss alternative
ways to derive final-state recoil effects, in the other one,
issues about gauge invariance.
H
γ
H
PH = (MH , 0)
PH′ =
(√
k2γ +M
2
H′ ,−k
)
(kγ , k)
FIG. 1. Kinematics of the radiative transition H ! H0" in the
rest frame of the initial-state quarkonium H. MH andMH0 are the
masses of the initial and final quarkonium, and k" % jkj %
#M2H &M2H0 $=#2MH$ is the energy of the emitted photon.
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Figure 2.4: From [30], Kinematics of the radiative transition of
quarkonium H → γH ′ in th rest frame of H. The
masses of the initial and final state quarkonium areMH
and MH′ , respectively. The momentum of the emitted
photon is kγ = |k| = (M2H −M2H′)/(2MH).
2.2.3 Decays of ηc(1S)
The ηc(1S) is the gr und state cc¯ spin singlet. The lifetime is on the order of
10−24 s. The ηc(1S) decays into light meson combinations of pions, kaons, and
ηs. At the moment only about 50% of all the ηc(1S) decay modes have been mea-
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sured over more than twenty decay channels [56]. The channels reconstructed in this
analysis make up about 43.4% of the ηc(1S) branching fraction. They are shown
below: pi+pi+pi−pi−pi0pi0, pi+pi−pi0pi0, pi+pi+pi−pi−η, K+K−pi+pi−pi0, pi+pi+pi+pi−pi−pi−,
pi+pi+pi−pi−, pi+pi−η, K±KSpi∓pi+pi−, K±KSpi∓, K+K−pi0, K+K−pi+pi−, and
K+K−pi+pi+pi−pi−.
2.3 Charmonium-like vector states
A class of particles called ‘XYZ’ have opened up new opportunities in the study
of QCD at the charmonium and bottomonium energy regimes. While each particle
in the XY Z family are fascinating, this dissertation is concerned with the Y (4260)
and Y (4360) states. The Y (4260) and Y (4360) are vector states, which make them
directly accessible in electron positron annihilation experiments. The Y (4260) was
discovered in pipiψ(1S) [20] and the Y (4360) was discovered in pipiψ(2S) with only
upper limits placed on decays to DD¯ [21, 60]. A number of things make the two Y
states interesting and strongly suggest a non-conventional makeup. First, R scans of
σ(e+e− → hadrons)/σ(e+e− → µ+µ−) show dip around the 4.26 GeV implying no
resonance [6], see Figure 2.5. Second, a suppression of D∗ meson pairs is also observed
around 4260 MeV in scans of e+e− annihilation implying no resonance [34]. Third,
the Y states are far outside the predicted masses of any conventional charmonia vector
meson [43]. Lastly, there exists even more bizarre states called Zc found in decays
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of the Y (4260) and Y (4360) in pi±ψ(1S/2S), which can only be explained in terms
of a tetra-quark or some other exotic quark makeup that yield net charge [3, 59].
These properties make cooperation between experimentalist and theorist all the more
important. An overview of the many interpretations of the Y (4260) and Y (4360) will
be presented in the following sections.
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Figure 2.5: From [6], the fit to th R v lues for th high mass
charmonium structure. The R values are shown with
dots and error bars. The solid curve shows the best fit.
2.3.1 Y (4260)
Any theory of the Y (4260) state must explain its large decay rates to the single
charmonium state (J/ψ) along with some light mesons. A number of theories have
been put forward to explain such a signature and some offer predictions that can be
tested in the laboratory. More work is needed to understand the Y (4260) but the
24
following interpretations do give interesting possibilities.
One of the most striking facts about the Y (4260) is its suppression of DD¯ decays.
This is particularly surprising considering that Y (4260) is only ≈ 300 MeV above
DDpi threshold. It is possible that the Y (4260) is a molecular combination of a D
meson pair. The favorite molecular combinations supported by QCD sum rules are
D∗D¯0 − D¯∗D0 and DD¯1 − D¯D1. As Ref. [59] points out, the D¯D1(2420) is the first
open charm channel with relative S-wave to couple to JPC = 1−−. Furthermore, the
width of D0 and D1(2430) are as large as 300 MeV and can, therefore, not explain the
narrow width of the Y (4260). A molecular combination does offer an explanation of
the anomalous Zc states as the consequence of low momentum D¯D
∗ pairs since D¯D1
and D¯D∗ intermediate states can be simultaneously close to their mass shells. The
Feynamn diagrams for D¯D1(2420) molecular states are shown in Figure 2.6.
Figure 2.6: From [59], diagrams for Y (4260) → D¯D1 + c.c →
J/ψpipi and hcpipi considered.
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A four quark interpretation of the Y (4260) has many interesting predictions, some
of which can be tested at BESIII. A tetraquark is the bound state of a diquark with
an anti-diquark or ([cs]S=0[c¯s¯]S=0)P−wave in the interpretation put forward in [53].
Such a tetraquark is predicted to have a mass of 4330± 70 MeV which is within the
mass range of the Y (4260) and Y (4360). An important signature of this theory is
that decays to DSD¯S are much greater than DD¯ decays. The major drawback of
this model is the proliferation of new, yet unobserved states, near the φψ(1S) and
f0(980)ψ(1S) thresholds.
In the hybrid model of the Y (4260) the charm and anti-charm quarks are coupled
to a valence gluon. The constituent gluon is expected to add 700 ∼ 1000 MeV/c2 to
the corresponding charmonia mass [43]. Additionally, the quantum numbers of the
constituent gluon with respect to the cc¯ quarks augment the spatial parity and charge
parity of the state by the following:
P = (−1)lcc¯+lg , C = (−1)lcc¯+Scc¯+1 (2.5)
where lcc¯ is relative angular momentum between the cc¯, lg is the relative angular
momentum of the gluon with respect to the cc¯, and Scc¯ is the total quark spin. The
total angular momentum of the hybrid charmonia system is L = lcc¯+Jg, where Jg = 1,
is the total gluon angular momentum.
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P C J lg lcc¯ Jg Scc¯ L
- - 1 0 1 1 1 0
- - 1 0 1 1 1 1
- - 1 0 1 1 1 2
- - 1 1 0 1 0 1
Table 2.2: The lowest JPC = 1−− hybrid states with their quantum
numbers.
For the lowest JPC = 1−− hybrid states, equation 2.5 implies lcc¯ = Scc¯ and lcc¯ + lg
odd. This gives the two possibilities, see Table 2.2
lcc¯ = Scc¯ = 0, lg = 1 (2.6)
and
lcc¯ = Scc¯ = 1, lg = 0 (2.7)
In the framework of lattice QCD (LQCD) Dudek et al [38] have calculated the
partial width of an assumed hybrid charmonia state with a mass at 4.26 GeV decaying
to γηc(1S) and γχc0. Their calculation suggest that a hybrid charmonia around 4.26
GeV will preferentially decay to γηc(1S) over γχc0 by about a factor of 2. This result
suggests the Y (4260) cc¯ quarks are in a spin singlet configuration with a constituent
gluon coupled to the cc¯ in a P-wave. In this analysis only the γηc(1S) channel is
measured.
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The hadrocharmonium scheme for the Y (4260) consists of a core cc¯ state loosely
coupled to a shell of light quarks and gluons [29]. The decay to J/ψ in such a scheme
is a natural consequence of the inner cc¯ state staying bound and shedding its outer
shell. The theory predicts that in the heavy quark limit of the inner core, decays to
open charm are suppressed by exp(−√ΛQCD/m). It is unclear, though, whether the
charm quark mass is heavy enough for such an assumption. Regardless, a few key
properties are predicted by the theory such as decays to a J/ψ in a bound state with
light nuclei or other baryons, and a suppression of pipiψ(2S) with respect to pipiJ/ψ.
The latter seems to be true but measurements of decays to baryon + J/ψ are lacking.
2.3.2 Y (4360)
The Y (4360) shares many peculiar properties as the Y (4260), namely: it did not show
up in inclusive hadronic cross section (R) measurements; it does not seem to decay
to any sort of D meson pairs; and is far in mass from any predicted 1−− charmonium.
In mass scans of pipiψ(2S) a resonance near 4.36 GeV was measured by BaBar
and Belle [22, 60]. While the two experiments find over 5σ evidence for a resonance,
the masses and width are inconsistent with each other by 37± 26 MeV/c2 and 98±
36 MeV/c2, respectively. A combined fit to data from both experiments was done by
Ref. [51] to better measure the Y (4360) mass and width. The current world average
Y (4360) mass and width are 4354 MeV and 78 MeV, respectively.
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If Y (4360) were a conventional meson then based on its JPC quantum numbers it
could only be an S-wave or D-wave state. Since 1S, 2S, 1D, 3S, 2D, and 4S are already
well established [31], the only other assignments are 3D, 4D, 5S, or 6S. Based on the
predicted mass of these states from quark potential models a natural assignment for
the Y (4360) is 33D1 [35]. A treatment of canonical decays of a Y (4360) under the
33D1 assignment has been theoretically undertaken by Ref [35]. Such calculations do
provide a baseline for conventional processes that can be compared to measurements.
For the moment, direct comparisons between theoretical partial width calculations
and Born cross sections measured at electron-positron annihilation experiments is not
possible due to the lack of experimental knowledge of the e+e− → Y (4360) coupling.
The same applies to the e+e− → Y (4260) coupling.
The lightest charmonium hybrid (cc¯g) predicted by Lattice QCD is about 4.1 GeV [26].
While the Y (4360) is close in mass to this prediction, the favored cc¯g state is the
Y (4260).
Other interpretations such as a tetraquark or D meson molecular also hold for
Y (4360) as they did for Y (4260). Careful study and a thorough analysis on the
theoretical and experimental sides are needed to clear up the nature of the Y (4360).
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2.4 e+e− → γηc(1S) conventional processes between 4.0-4.6 GeV
The sensitivity of our measurements, σE(e
+e− → γηc(1S)), at six center-of-mass ener-
gies are marginal (≤ 3σ), which make interpreting the γηc(1S) production mechanism
an experimentally challenging task. To aide in our interpretation we can estimate the
contribution to the cross section from conventional processes. In Chapter 2.4.2, we
present nonrelativistic QCD (NRQCD) calculations of the nonresonant cross section
of e+e− → γηc(1S). In Chapter 2.4.2, contributions to the measured cross section
from the three conventional charmonium states between 4.0-4.6 GeV are discussed.
2.4.1 NRQCD
To distinguish whether γηc(1S) is produced by some intermediate particle such as a
Y (4260) or Y (4360) it is important to have a baseline of nonresonant behavior. In
Ref. [61], G. Xu et al calculate the e+e− → γ∗ → γηc(1S) cross section as a func-
tion of e+e− center of mass energy in powers of αs(v/c)2 to Leading Order (LO) and
Next Leading Order (NLO). Additionally, calculations that take into account phase
space contributions of αs and (v/c)
2 are included which give additional systematic
uncertainties to the calculations. As explained by the authors, phase space contribu-
tions are significant at BESIII energy region, but are complicated to calculate due to
non-perturbative effects. Figure 2.7 shows the calculated e+e− → γηc(1S) production
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cross section for center of mass energies between 4-5 GeV.
2.4.2 Quark Model
Other contributions to the e+e− → γηc(1S) cross section include production via
conventional charmonium resonances between 4.0-4.6 GeV. The three charmonium of
interest are the 32S1 ψ(4040), the 2
3D1 ψ(4160), and the 4
3S1 ψ(4415) states. The
quantitative features of these charmonium decays to γηc(1S) can be extracted by
modeling cc¯ bound state non-relativistically with a potential that accounts for a one
color exchange at short distance, a linear confining term at large distances, and spin
interaction terms between quarks.
Based on calculations of the partial width Γ(ψ(4040) → γηc(1S)) = 9 keV in
Ref. [27], and the world average full width Γ(ψ(4040)) = 80 MeV, we can determine
that ψ(4040) → γηc(1S) make up 0.01% of all ψ(4040) decays. If we assume the
ψ(4040) can be modeled by a Breit-Wigner then an energy-dependent cross section
σE(e
+e− → ψ(4040) → γηc(1S)) can be estimated and compared to the measure-
ments in this analysis, see Figure 8.3.
Unfortunately, similar calculations of the partial widths for ψ(4160) or ψ(4415)
to γηc(1S) are lacking so we cannot estimate the expected size of theses processes.
Instead, as explained further in Chapter 10, we can let the size of these processes
float to best fit the data. The resulting best fit lineshape can then be compare to the
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Figure 2.7: From [61], the nonresonant e+e− → γηc(1S) cross sec-
tion calculated for energies between 4.0-5.0 GeV with
(bottom) and without (top) phase space contributions.
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measurements in this analysis.
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Chapter 3
Experimental Apparatus
The aftermath of two colliding beams of particles is littered with a multitude of
particle species hurled out from the collision point. With detectors serving as the
eyes of such collisions sophisticated software is used to piece together the fragments
to make a coherent picture of the interaction. This technique allows the high energy
physicist to peer into strong, weak, and electromagnetic forces enabling the study of
particle physics. The fragments generated from such interactions are bounded by the
initial energy and quantum numbers, beyond that any particle that can be created will
be. With the right energy a short lived resonance will sometimes pop into existence
and quickly decay into a particular channel of other particles which themselves may
be unstable further cascading to relatively long lived particles like leptons, pions,
kaons, or photons. By reconstructing these fragments information about the original
parent particle can be deduced.
As explained in Chapter 2, QCD is the fundamental theory of quark-gluon inter-
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actions. Since the gluon, the QCD force carrier, carries net color charge the gluon can
self interact making the theory non-perturbative at large distances or energies below 1
GeV. This quirk of the gluon normally necessitates effective or phenomenological the-
ories in order to do calculations at low and high energy quark energies. The BEPCII
accelerator is designed to probe QCD at medium energies between 2-4.6 GeV. A high
luminosity medium energy accelerator like BEPCII can reveal the interplay of pertur-
bative and non-perturbative effects on hadronization as well as test phenomenological
models or lattice QCD. In one year of running at the BEPCII design luminosity over
a billion J/ψ events, over a billion ψ(2S) and millions of DD¯ and τ+τ− decays can
be accumulated, see Figure 3.1 [7]. Such high statistics allows for precision studies
of J/ψ and ψ(2S) and can lead to the discovery of rare decays. Better precision and
new decays will undoubtedly lead to a better understanding of QCD.
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in the collider mode. BEPCII will also be used as a 
synchrotron radiation facility with a 250 mA electron beam at 
2.5 GeV energy. The design luminosity of BEPCII is expected 
to reach 1033 cm-2s-1 at 3.78 GeV, roughly 100 times higher 
than the luminosity of BEPC. The luminosity of BEPCII is 
expected to be lowered to 6×1032 cm-2s-1 at 3.0 and 4.2 GeV. 
High beam currents and the large number of closely spaced 
bunches are required to achieve the high luminosity. Another 
important factor that helps to improve th  lumin sity is that 
the vertical beam size is compressed by the micro-beta 
technique using superconducting quadrupole magnets placed 
very close to the interaction point.  
 
1.3 Event rates and final states 
The expected data samples in each calendar year of the 
BESIII operat d in the the τ-charm energy region are 
summarized in Table 2. The integrated luminosity used to 
calculate these rates was based on one half of the design 
luminosity, and the total running time was assumed to be 
107sec/year. Many technical choices for the BESIII detector 
were made based on the high data rates, the types of secondary 
particles, their energy spectra, event topology and multiplicity. 
In typical hadranic final states, the most probable momentum 
of charged particles produced is approximately 0.3 GeV/c, and 
an overwhelming majority of particles have momentum below 
1 GeV/c, and the most probable energy of photons is about 
100 MeV. The average multiplicity is on the order of four for 
charged particles and photons in final states [1].   
 
Table 2 
Expected BESIII data samples in a calendar year 
 
States Energy (GeV) 
Peak luminosity 
(1033 cm–2s –1) 
Physics cross-
section (nb) Events/year 
J/ψ 3.097 0.6 3,400 1×1010 
ψ(2S) 3.686 1.0 640 3×109 
τ+τ- 3.670 1.0 2.4 1.2 ×107 
D0D0 3.770 1.0 3.6 1.8×106 
D+D- 3.770 1.0 2.8 1.4×106 
DsDs 4.030 0.6 0.32 1×106 
DsDs 4.170 0.6 1.0 2×106 
1.4. BESIII Components 
BESIII is configured around a 1 T superconducting 
solenoid (SSM), considered to be optimum for precise 
momentum measurements for charged tracks in the τ-charm 
energy region, and the steel structure of its flux return. The 1 T 
superconducting solenoid replaces the 0.4 T conventional 
magnet of the original BES detector. The coil of the 
superconducting magnet is located outside of the 
electromagnetic calorimeter and has a mean radius 1.482 m 
and a length of 3.52 m.  
Fig. 1 shows the configuration of BESIII, the main 
spectrometer components are indicated. The multilayer drift 
chamber (MDC) surrounds the beryllium beam pipe. Two 
superconducting quadrupoles (SCQs) are inserted in the 
conical shaped MDC end caps as close as possible to the 
interaction point. The time-of-flight (TOF) system consisting 
of two layers of plastic scintillator counters is located outside 
of the main drift chamber. The CsI(Tl) electromagnetic 
calorimeter (EMC) is placed outside of the TOF system and 
inside the SSM. The muon identifier (MU) consists of layers 
of resistive plate chambers (RPCs) inserted in gaps between 
steel plates of the flux return yoke. The polar angle coverage 
of the spectrometer is 21°< θ < 159°, and the solid angle 
c ver ge is ∆Ω/4π = 0.93. The main parameters and expected 
performance of BESIII are listed in Table 3, along with 
parameters of the BESII detector, which are given as 
references.  
 
 
 
Fig. 1. Schematic drawing of the BESIII detector. 
 
Table 3 
Detector parameters and performance comparison between BESIII 
and BESII 
 
Sub-system BESIII BESII 
Single wire σrφ (µm) 130 250 
σp/p (1 GeV/c) 0.5% 2.4% MDC 
σ (dE/dx) 6 % 8.5% 
σ E/E (1GeV) 2.5% 20% 
EMC 
Position resolution (1 GeV) 0.6 cm 3 cm 
Barrel 100 180 
TOF σT (ps) End cap 110 350 
No. of layers (barrel/end cap) 9/8 3 
Μuon 
cut-off momentum (MeV/c) 0.4 0.5 
Solenoid magnet Field (T) 1.0 0.4 
∆Ω/4π 93% 80% (used) 
 
Figure 3.1: From [7], yields for different production processes
studied at BESIII.
In total, about 30 thousand electronic signals make up the BESIII detector. It is
35
designed to track, identify, and measure particles in its volume. A typical electron-
positron interaction does not involve annihilation, instead, the electron and positron
are more likely to scatter off each other. The scattering cross section of such interac-
tion is precisely known making it an ideal process to measure the luminosity with. At
BESIII the uncertainty on the luminosity measurement is about 1%, and is used as a
systematic uncertainty in this analysis. A much rarer event involves the annihilation
of e+e− pairs.
In e+e− annihilation a virtual photon with quantum number 1−− is briefly cre-
ated with energy equal to the center of mass energy of the collision. The typical
final states of such annihilations are showers of photons, leptons, pions, and kaons.
These events must be separated from background processes. Prominent background
processes include beam-gas interactions and cosmic radiation. In beam-gas interac-
tions the electron or positron beam, just before colliding, interact with left over gas
in the beam pipe. This nuclear interaction will either scatter the beam, reducing
the luminosity, or interact with the nucleus creating a spray of hadrons. At BEPCII
beam-gas interactions were studied and a 5 × 10−10 Torr pressure in the beam pipe
near the collision was determined to sufficiently suppress such backgrounds [7]. Cos-
mic backgrounds can also contaminate the signal at BESIII. Cosmic ray muons will
first interact with the outermost layer of the detector making such backgrounds easy
to reject with a trigger system. The BESIII trigger is described in Section 3.6.
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3.1 BEPCII
The Beijing Electron Positron Collider (BEPCII) is a particle accelerator designed to
accelerate the e+e− to inject into an electron storage ring, see Figure 3.3. BEPCII is
the successor to the BEPC accelerator which was in operation for 12 years [40].
On major improvement of BEPCII over BEPC is in the number of collisions per
unit area per unit time or luminosity. The luminosity of an e+e− collider is expressed
as [63]
L(cm−2s−1) = 2.17× 1034(1 + r)ξyE(GeV )kbIb(A)
β∗y(cm)
(3.1)
where the beam aspect ratio at the interaction point is r = σ∗y/σ
∗
x, the vertical beam-
beam parameter is ξy, the vertical beam envelope at the interaction point is β
∗
y ,
the bunch number in each beam is kb, and the beam current is Ib. The BEPCII
accelerator is designed to improve the luminosity by a factor of 100 relative to BEPC.
This required many hardware changes to the existing facility, which included replacing
four normal conducting RF cavities in the storage ring with two superconducting RF
cavities to shorten the bunch length; an improved electron to positron converter; and
a special pair of superconducting insertion magnets near the IP to squeeze the beam
envelope of the electrons and positrons just before colliding.
The beam parameters of BEPCII are summarized in Figure 3.2.
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1. Introduction  
1.1. Overview 
The original Beijing electron-positron collider BEPC [3], 
designed to operate in the τ-charm energy region, and its 
detectors, the Beijing Spectrometer (BES) [4] and the 
upgraded BESII [5], were operated from 1989 to 2004 at the 
Institute of High Energy Physics (IHEP) of the Chinese 
Academy of Sciences in Beijing. The original BES detector 
was upgraded to BESII in 1996, and the BEPC was also 
improved over the years. A variety of important τ-charm 
results, involving J/ψ , ψ (2S), τ, D and DS particles produced at 
or near the threshold were obtained during its 15 year 
operation. BEPC was a single ring electron-positron storage 
ring operated in single bunch mode, and the instantaneous 
luminosity reached approximately 1031 cm-2s-1 before it was 
shut down. 
The BEPCII and BESIII [6] program began in 2003 after 
formal approval by the Chinese government. The new BEPCII 
collider, installed in the same tunnel as the BEPC, is a double-
ring multi-bunch collider with a design luminosity of ~1 × 
1033 cm-2s-1 optimized at a center-of-mass energy of 2 × 1.89 
GeV, a factor of approximately one hundred increase over its 
predecessor. In addition to the τ-charm studies, BEPCII will 
also be used as a high flux synchrotron radiation light source.  
A new detector BESIII, that fully utilizes advanced 
detector technologies developed over the past two decades, 
has been completed and recently begun its operation. The 
advanced design of BESIII will allow it to take advantage of 
the high luminosity delivered by BEPCII and to collect large 
data samples so that τ-charm physics can be studied with high 
precision.  
The surprising discoveries of the narrow Dsj mesons [7], 
several hidden charm resonances in the 4 GeV region, and the 
X(1835) at BESII during the past few years have considerably 
enhanced the interest in the spectroscopy of hadrons with and 
without open charm. At the boundary between the perturbative 
and non-perturbative regimes of QCD, the energy region 
GeV 4.62 −=s offers vast and diverse physics 
opportunities. Results from BESIII are expected to play an 
important role in the understanding of the Standard Model and 
will also provide important calibrations for the Lattice Gauge 
community. The rich physics program of the BESIII 
experiment includes: 
• Tests of electroweak interactions with very high 
precision in both the quark and lepton sectors.  
• High statistics studies of light hadron spectroscopy 
and decay properties.  
• Studies of  the production and decay properties of 
J/ψ、ψ  (2S) and ψ  (3770) states with large data 
samples and search for glueballs, quark-hybrids, , 
multi-quark states and other exotic states via 
charmonium hadronic and radiative decays. 
• Studies of  τ-physics. 
• Studies of  charm physics, including the decay 
properties of D and Ds and charmed baryons.  
• Precision measurements of QCD parameters and 
CKM parameters. 
• Search for new physics by studying rare and 
forbidden decays, oscillations, and CP violations in c-
hadron and τ-lepton sectors.  
1.2. BEPCII storage ring 
The engineering run of BEPCII in collision mode was 
successfully completed in July of 2008, and physics data 
taking was started in March of 2009. The instantaneous 
luminosity reached 0.32 ×1033 cm-2s-1 at a center-of-mass 
energy of 2 × 1.89 GeV. The design parameters of BEPCII are 
summarized and compared with those of BEPC in Table 1.  
 
Table 1 
BEPCII design parameters compared with those of BEPC 
 
Parameters BEPCII BEPC 
Center of mass Energy (GeV) 2 - 4.6 2 - 5 
Circumference (m) 237.5 240.4 
Number of rings 2 1 
RF frequency frf (MHz) 499.8 199.5 
Peak luminosity at 
2×1.89 GeV (cm-2s-1) ~10
33 ~1031 
Number of bunches 2 × 93 2 × 1 
Beam current (A) 2 × 0.91 2 × 0.035 
Bunch spacing (m/ns) 2.4/8 - 
Bunch length (σz) cm 1.5 ~5 
Bunch width (σx) µm ~380 ~840 
Bunch height (σy) µm ~5.7 ~37 
Relative energy spread 5 × 10-4 5 × 10-4 
Crossing angle (mrad) ±11 0 
 
BEPCII is designed to collide e+e- beams in the energy 
range of s = (2 - 4.6) GeV, and its luminosity is optimized at 
2×1.89 GeV. Housed in the existing tunnel, the collider was 
essentially rebuilt. The LINAC has new klystrons, a new 
electron gun, and a new positron source. In order to increase 
the average luminosity, the “top-off” injection scheme up to 
1.89 GeV is adopted. This allows filling without dumping the 
beam remaining and requires that the injection and collision 
optics be almost the same. The electron injection rate has 
reached  200 mA per minute, and the positron injection rate 50 
mA per minute. All major components of the collider are new, 
including injection kickers, beam control optics, 
superconducting RF cavities, a superconducting micro-β final 
focusing system, beam pipes, the vacuum system, magnets and 
power supplies, and the control system. The old dipoles were 
modified and are used in the outer ring. BEPCII will be 
operated in multi-bunch mode with 93 bunches stored in each 
ring spaced by 8 ns or 2.4 meters. Electrons and positrons will 
collide at the interaction point with a horizontal crossing-angle 
of ±11 mrad. The single beam current is designed to be 0.91 A 
Figure 3.2: From [7], the BEPCII design parameters compared to
BEPC.
STATUS OF BEPC AND PLAN OF BEPCII 
 
C. Zhang for BEPCII Team 
Institute of High Energy Physics, P.O.Box 918, Beijing 100039, China 
 
Abstract 
The status of the Beijing Electron-Positron Collider 
(BEPC) and plans of its second phase construction, i.e. 
the BEPCII, are reported. The BEPC has been well 
operated for 12 years with many exciting high energy 
physics and synchrotron radiation research results since it 
was put into operation in 1989. As the near future plan, 
the BEPCII was approved in principle. The design 
luminosity of the BEPCII is 1×1033cm-2s-1 @1.55 GeV with 
a double-ring scheme. The performance of the BEPC as a 
synchrotron radiation source will also be improved with 
the expected beam current of 150mA at 2.8 GeV and 
250mA at 2.5 GeV. Some key technologies are being 
developed in order to achieve the goal of the BEPC II. 
1  THE STATUS OF BEPC 
The BEPC was constructed for both high energy 
physics (HEP) and synchrotron radiation (SR) researches 
[1]. The BEPC-accelerators consist of a 202 m long 
electron-positron linac injector, a storage ring with 
circumference of 240.4 m, and in connection with each 
other, 210 m transport lines. There are two interaction 
points in the storage ring. A general purpose detector, the 
Beijing Spectrometer (BES), is installed in the south 
interaction region. The Beijing Synchrotron Radiation 
Facility (BSRF)  equipped with 9 be mlines and 12 
experimental stations, is flanking the east and west of the 
southern areas of the storage ring. Figure 1 illustrates the 
layout of the BEPC. 
Figure 1: Layout of the BEPC 
As a unique e+-e- collider operating in the τ/charm 
region and a first synchrotron radiation source in China, 
the machine has been well operated for 12 years. Table 1 
lists its main parameters.  
Table 1: Main parameters of the BEPC 
 Operation energy (E) GeV 1.0-2.5 
Injection energy (Einj) GeV 1.3 
Circumference (C) m 240.4 
β  at IP (β*x/ β*y) cm 120/5 
Tunes (νx/ νy/ νz )  5.8/6.7/0.02 (HEP) 8.72/4.75/0.02 (SR) 
Emittance (εx0) mm⋅mr 0.4 @1.55 GeV (HEP) 0.08@2.2GeV(SR) 
RF frequency (frf) MHz 199.53 
Bunch number (Nb)  1×1(HEP), 60-80 (SR) 
Beam current (Ib) mA 22 @1.55 GeV (HEP) 140@2.2GeV (SR ) 
Beam-beam param. ξy  0.04 
Beam lifetime τ hrs. 6-8 (HEP), 20-30 (SR) 
Luminosity cm-2s-1 5×10
30@1.55 GeV 
1×1031 @2 GeV 
The beams are injected, accumulated, stored and 
collided in the storage ring. Figure 2 displays the layout 
of the BEPC storage ring, and Figure 3 shows the beam 
currents vs. time in a day for J/ψ operation. 
 
Figure 2: Layout of the BEPC storage ring 
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Figure 3: Beam currents vs. time for J/ψ operation 
Figure 3.3: From [62], the layout of the Beijing Electron Positron
collider facility.
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3.1.1 Creation of e+e− beams
An electron gun system is used to produce the necessary high current and short pulse
electrons needed for high luminosity running at BESIII. Electrons are produced via
thermionic emission from the electron gun cathode. The Y796 cathode grid assembly
used at BEPCII is a high emitting cathode capable of short 1 ns pulse beam and beam
currents greater than 10 A. The repetition rate of the electron gun can be dialed to
12.5, 25, and 50 Hz [49].
The electrons are accelerated to 240 MeV before some are diverted to a separate
beam line where they are converted to positrons. A positron beam is created by
bombarding a tungsten target with electrons. The upgrade improved the positron
rate by 20 times compared to its predecessor, essential for high luminosity running.
3.1.2 Injector Linac
The injector is responsible for identically accelerating the energy of the electrons and
positrons to the storage ring. To study τ and charm physics the linac is designed
to inject beams into the electron storage ring at energies between 1-2.3 GeV. The
BEPCII linac, which includes the electron gun and positron converter is 202 m long.
The design of linear accelerators has evolved with the development of high power
radio frequency (rf) sources, rf engineering, superconductivity, designs of accelerating
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structures, and high brightness electron sources [48]. The basic principle of a linac
is to apply electric fields parallel to the charged particles direction of motion. At
BEPCII e+/e− acceleration is driven by rf pulses propagating down a cylindrical
waveguide. The waveguide is broken into cavities by disks separated a distance d,
see Figure 3.4. The cavity size and rf frequency are chosen so that beams of charged
particles are constantly accelerated down the 3.05 m long waveguide. The disks in the
waveguide also serve the important function of slowing down the phase velocity of the
electromagnetic (EM) wave. The radius of the iris and waveguide are tuned to match
the EM and beam phase velocities. The BEPCII linear accelerator is composed of 56
normal conducting disk loaded waveguides and 16 rf power sources.VIII. INTRODUCTION TO LINEAR ACCELERATORS 397
Figure 3.42: Top: Schematic of a chain
of cylindrical cavities. Bottom: Disper-
sion curve (tu/c) vs k. The phase veloc-
ity ui/k with a cavity load is equal to the
speed of light at a specific point of the
dispersion curve, shown as the intersec-
tion of the dashed diagonal line and the
solid dispersion curve. The solid line
branches correspond to forward travel-
ing waves and the dashed line branches
are associated with backward traveling
waves. The q = 0 space harmonic cor-
responds to kd £ (—IT, 7r), and the q = 1
space harmonic to kd £ (TT, 37T), etc.
parameters of the disk radii are tailored correctly, the phase change from cavity to
cavity along the accelerator gives an overall phase velocity that is equal to the particle
velocity.
The EM wave of an infinitely long disk loaded wave guide is
Es(r, <j>, s,t) = e-^s-^Es(r, <l>, s), #,(r, 0, a,t) = e'^-^H^r, 4>, s). (3.405)
With the Floquet theorem for the periodic wave guide:
Es{r,<f>,s + d) = E3{r,<t>,s), H^(r,cj>,S + d) = H^(r,^s), (3.406)
where d is the period of the wave guide, the electromagnetic field can be expanded
in Fourier series (or Floquet series), i.e.
Es(r,J>,s,t) = e-Xk°s-^ g Es,q{r,<j>)e-^s'd = e^1 £ £ s »)e -^ s , (3 .407)
q=—oo g=—oo
where
27rg
kq = ko + —, (q = integer)
is the propagation wave number for the gth "space harmonic," and feo is the propaga-
tion factor of the "fundamental space harmonic." These space harmonics are shown
in Fig. 3.42. We note further that as kod —> 0 or TT, forward and backward traveling
branches coincide and they will contribute to enhance the electric field.
The field components of the lowest TMOn mode with cylindrical symmetry become
Es = ^EOgJo(kriqr)e-^s-wt\ (3.408)
&r = iEr£o,Ji(^/)e"3hs-ul1, (3.409)
q Kr,q
V* = J^E^EoMkr^e-^-^, (3.410)
•^0 q &r,q
Figure 3.4: From [48], an illustration of a disk loaded waveguide
used to accelerate e+/e− beams.
The improved BEPCII injector linac also provides the necessary beam current
to maintain up to 93 circulating e+/e− bunches in the storage ring. This “top-off”
scheme is possible for beam energies up to 1.89 GeV [7].
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3.1.3 Beam Transport
The beam transport connects the injector LINAC and the electron storage ring. It
is composed of a series of magnets designed to keep the beam size within design
parameters until it reaches the electron storage ring. A lattice of bending magnets,
quadrupoles and sextuples make up the beam transport.
The flux lines of a quadrupole magnet are shown in Figure 6.1. A quadrupole
magnet is commonly used in accelerators to focus charged beams. One caveat of
quadrupoles is that focusing in one direction leads to defocusing in the other. For
this reason a typical beam transport will consist of both horizontal and vertical fo-
cusing quadrupoles. Not all particles of a beam are focused to the same spot due to
differences in the beam bunch momentum. A high (low) energy particle will have a
weaker (stronger) effective focusing strength. To correct for this and other chromatic
effects sextuple magnets are employed. An understanding of beam envelope and dis-
persion of a beam throughout the lattice informs the accelerator physicist as to the
best placement of sextuples and other magnets. At the end of the transport line the
beam enters the storage ring where they will be bunched and collided at center of
mass energies between 2-4.6 GeV.
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Figure 3.5: From Wikipedia, the free encyclopedia [33], the
magnetic field lines of a typical vertical focusing
quadrupole magnet.
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3.1.4 Storage Ring
The storage ring at BEPCII is composed of two identical rings, each with a circum-
ference of 237.5 m, see Figure 3.6. To keep the bunch number to as high at 93 for
beam energies up to 1.89 GeV the beam optics in the storage and linac are identical.
The maximum energy in this “top-off” injection scheme, 1.89 GeV , is the energy used
to optimize the storage ring optics. The peak luminosity at center of mass energy
3.78 GeV is ∼ 1033cm−2s−1. This optimum center of mass energy is also the threshold
for charm meson production.
Fig. 1 General layout for BEPCII storage ring
3. SURVEY CONCEPT
One of the most important factors in the successful operation of the machine is alignment
quality, which ensures the stability of the particle beams. The primary goal of the survey and
alignment of the BEPCII storage ring is to align the magnets within 150µm of their designed
position precisely. To accomplish the task, a network of monuments is established and their
positions are measured with respect to one another. Using the monuments as reference points,
positions of magnets and other beam components are measured and aligned.
Uneven drop will occur in the storage ring floor due to different floor loading, ground
moisture variations and seasonal variations. Therefore, monument positions and the magnet
positions will have different changes.
The monument measurements and coordinate value calculations should be carried out
periodically and the magnet locations will be surveyed and aligned at regular intervals.
The BEPCII accelerator consists of three main components, the linac (200 meter long), the
transport line (90meter long) and the storage ring (circumference 237.5m), which will be
constructed in the pre-existing BEPC tunnel. In order to position all the beam components in a
great accuracy along the beam orbit, it is necessary to design and set up a network, which could
keep the Linac, the transport line and the storage ring in correct position relative to each other.
The control network is composed of the horizontal network and the elevation network. The
horizontal network comprises the ground and the tunnel control networks.
III
III IV
Figure 3.6: From [57], the lattice of dipole, quadrupole, and sex-
tuple magnets that make up the BEPCII storage ring.
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The beam collisions take place at the south crossing. The BESIII detector is built
around the center of the collision. At the north region a vertical bump in the beams
direction allows for the safe crossing of e+/e− beams. The horizontal crossing angle
at the collision is 11 mrad.
An important design parameter for high luminosity running is the bunch length.
The beam bunch length is shrunk by a pair of superconducting rf (SRF) cavities
located at the north crossing. The bunch length after compression is 1.5 cm. The
beam bunches are spaced by 8 ns.
The beam is steered by a lattice of dipole, quadrupole, and sextuple magnets. The
dipole magnet provides a constant vertical magnetic field which bends the beam in
a circle of radius ρ. The momentum rigidity of the beam is expressed at Bρ = p0/e,
where B is the magnetic field strength, and p0 is the beam momentum. At the
maximum BEPCII beam energy of 2.3 GeV the dipole field strength is ∼ 0.2 T. A
total of 44 bending 60 quadrupole, and 36 sextuple magnets are used in the storage
ring.
At the south crossing of the storage ring the e+e− beams collide. The BESIII
solenoid is centered at the collision energy. The 3.52 m long solenoid severely influ-
ences the beams just before collision. A pair of superconducting insertion magnets
(SIM) are installed near the interaction region to screen the beam from the solenoid
and focus the beams. To screen the fields the SIM is composed of three superconduct-
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ing compensation solenoids. The focusing is performed by a pair of superconducting
quadrupoles.
On April 5, 2016 BEPCII came within 2% of the design luminosity, Figure 3.7.
Figure 3.7: Record design luminosity at the BEPCII accelerator.
3.2 BESIII
The BESIII detector is a general purpose detector designed around the interaction re-
gion (IR) of the BEPCII collider. BESIII was designed to study the tau-charm energy
regime. The collision of the two beams takes place at the center of the cylindrically
shaped BESIII detector.
The BESIII detector is designed to capture charged and neutral particles with a
geometric acceptance of 93% of 4pi. The detector is composed of 5 subsystems which,
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in conjunction with the BESIII oﬄine software system (BOSS), is designed to track
particles everywhere in the detector volume, distinguish particle species like pions
and kaons, and measure photon energies. The BESIII detector is shown in Figure 3.8.
Charged particles are reconstructed in a multilayer drift chamber (MDC) covering the
polar angle |cos θ| < 0.93. The momentum resolution (σp/p) and dE/dx resolution
of charged tracks in the MDC are 0.5% and 6% at 1 GeV/c2, respectively. Charged
particles escaping the MDC hit a wall of plastic scintillator counters, or Time-of-Flight
wall (TOF), placed around the MDC barrel and endcap. The timing resolution of
the TOF is 100 ps in the barrel and 110 ps in the endcap. Electromagnetic showers
are reconstructed in the Electromagnetic Calorimeter (EMC) by clustering crystal
energies. The EMC is composed of 6240 CsI(T1) crystals arranged around the barrel
and endcap regions. The energy resolution of showers (σE/E) at 1 GeV is 2.5% in
the barrel and 5% in the endcap. The position resolution is 0.6 cm in the barrel and
0.9 cm in the endcap. Outside the EMC is the Superconducting Solenoid Magnet
(SSM) which provides a uniform, on-axis 1 Tesla magnetic field for the MDC. The
SSM is supported by a steel structure which provides the flux return for the magnet.
High energy particles that make it through the EMC hit the muon chamber system
(MUC) which is interleaved in the steel support structure. Hit patterns in the MUC
are used to identify muons.
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in the collider mode. BEPCII will also be used as a 
synchrotron radiation facility with a 250 mA electron beam at 
2.5 GeV energy. The design luminosity of BEPCII is expected 
to reach 1033 cm-2s-1 at 3.78 GeV, roughly 100 times higher 
than the luminosity of BEPC. The luminosity of BEPCII is 
expected to be lowered to 6×1032 cm-2s-1 at 3.0 and 4.2 GeV. 
High beam currents and the large number of closely spaced 
bunches are required to achieve the high luminosity. Another 
important factor that helps to improve the luminosity is that 
the vertical beam size is compressed by the micro-beta 
technique using superconducting quadrupole magnets placed 
very close to the interaction point.  
 
1.3 Event rates and final states 
The expected data samples in each calendar year of the 
BESIII operated in the the τ-charm energy region are 
summarized in Table 2. The integrated luminosity used to 
calculate these rates was based on one half of the design 
luminosity, and the total running time was assumed to be 
107sec/year. Many technical choices for the BESIII detector 
were made based on the high data rates, the types of secondary 
particles, their energy spectra, event topology and multiplicity. 
In typical hadranic final states, the most probable momentum 
of charged particles produced is approximately 0.3 GeV/c, and 
an overwhelming majority of particles have momentum below 
1 GeV/c, and the most probable energy of photons is about 
100 MeV. The average multiplicity is on the order of four for 
charged particles and photons in final states [1].   
 
Table 2 
Expected BESIII data samples in a calendar year 
 
States Energy (GeV) 
Peak luminosity 
(1033 cm–2s –1) 
Physics cross-
section (nb) Events/year 
J/ψ 3.097 0.6 3,400 1×1010 
ψ(2S) 3.686 1.0 640 3×109 
τ+τ- 3.670 1.0 2.4 1.2 ×107 
D0D0 3.770 1.0 3.6 1.8×106 
D+D- 3.770 1.0 2.8 1.4×106 
DsDs 4.030 0.6 0.32 1×106 
DsDs 4.170 0.6 1.0 2×106 
1.4. BESIII Components 
BESIII is configured around a 1 T superconducting 
solenoid (SSM), considered to be optimum for precise 
momentum measurements for charged tracks in the τ-charm 
energy region, and the steel structure of its flux return. The 1 T 
superconducting solenoid replaces the 0.4 T conventional 
magnet of the original BES detector. The coil of the 
superconducting magnet is located outside of the 
electromagnetic calorimeter and has a mean radius 1.482 m 
and a length of 3.52 m.  
Fig. 1 shows the configuration of BESIII, the main 
spectrometer components are indicated. The multilayer drift 
chamber (MDC) surrounds the beryllium beam pipe. Two 
superconducting quadrupoles (SCQs) are inserted in the 
conical shaped MDC end caps as close as possible to the 
interaction point. The time-of-flight (TOF) system consisting 
of two layers of plastic scintillator counters is located outside 
of the main drift chamber. The CsI(Tl) electromagnetic 
calorimeter (EMC) is placed outside of the TOF system and 
inside the SSM. The muon identifier (MU) consists of layers 
of resistive plate chambers (RPCs) inserted in gaps between 
steel plates of the flux return yoke. The polar angle coverage 
of the spectrometer is 21°< θ < 159°, and the solid angle 
coverage is ∆Ω/4π = 0.93. The main parameters and expected 
performance of BESIII are listed in Table 3, along with 
parameters of the BESII detector, which are given as 
references.  
 
 
 
Fig. 1. Schematic drawing of the BESIII detector. 
 
Table 3 
Detector parameters and performance comparison between BESIII 
and BESII 
 
Sub-system BESIII BESII 
Single wire σrφ (µm) 130 250 
σp/p (1 GeV/c) 0.5% 2.4% MDC 
σ (dE/dx) 6 % 8.5% 
σ E/E (1GeV) 2.5% 20% 
EMC 
Position resolution (1 GeV) 0.6 cm 3 cm 
Barrel 100 180 
TOF σT (ps) End cap 110 350 
No. of layers (barrel/end cap) 9/8 3 
Μuon 
cut-off momentum (MeV/c) 0.4 0.5 
Solenoid magnet Field (T) 1.0 0.4 
∆Ω/4π 93% 80% (used) 
 
Figure 3.8: From [7], the BESIII detector.
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3.3 Tracking
Tracking refers to the reconstruction of charged particles. Neutral particles are de-
tected by calorimeters and will be further discussed in Section 3.5.
Tracking all charged particles generated in e+e− collisions everywhere in a detector
as large as BESIII is a difficult task. To make way for the beam pipe, the multilayer
drift chamber can only measure tracks in the polar angle |cos θ| < 0.93. Tracking
is performed by the MDC and MUC detectors. The momentum p is determined by
measuring the curvature of a charged particle in the presence of the uniform 1 T
magnetic field provided by the Superconducting Solenoidal Magnet (SSM).
3.3.1 SSM
A uniform magnetic field in the volume of the drift chamber is important for accurate
momentum measurements of charged particles. At BESIII this is achieved with a
Superconducting Solenoid Magnet (SSM) which provides a 1 Tesla on-axis magnetic
field. The solenoid has a mean radius of 1.482 m and a length of 3.52 m. To keep the
solenoid at superconducting temperatures a cryogenic system supplies liquid helium
to the coil. The coils are kept at 4.5 Kelvin.
The flux is returned by two forward yokes and a octagonal barrel yoke. The 50 ton
weight of the solenoid, calorimeter, and drift chamber are supported by the yoke. The
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yokes are made up of steel plates with low carbon content (∼0.1%) whose magnetic
properties were closely monitored to be within specifications [7].
The SSM deflects charged particles in helical patterns according to the Lorentz
force. The sign of the electric charge dictates the direction of deflection. This al-
lows the reconstruction algorithm to determine the sign of charged particles. The
flux return and other magnetic field sources, such as the superconducting insertion
magnets, can significantly alter the uniformity of the SSM. At BESIII, these sources
were carefully studied to provide high precision tracking.
3.3.2 MDC
The multilayer drift chamber (MDC) is filled with a gas mixture that charged particles
ionize. The trail of ionized gas are collected onto field and sense wires. The ions are
forced to collect onto the grounded field wire due to the electric field induced by an
array of sense wires kept at positive voltage. By arranging layers of such field wires
tracking of the charged particle is accomplished.
A cross sectional view of the wire layers reveal many small drift cells. Each cell is
centered about a 110 µm gold plated aluminum field wire surrounded by eight 25 µm
gold plated tungsten sense wires. In total, 6,796 sense wires and 21,844 field wires
make up the MDC.
The MDC is made up of an inner and outer chamber with the ability to replace
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the inner chamber. The inner radius of the MDC is 59 mm, 2 mm from the beam
pipe, and the outer radius is 810 mm. For good position resolution drift cells in the
inner drift chamber are approximately 12 mm high. To minimize material, the cell
height in the outer chamber is increased to 16.2 mm.
The drift velocity of ions to the sense wire is dependent on the type of gas ionized,
the electric field strength, and the 1 Tesla magnetic field. A helium based gas with 60%
He to 40% propane (C3H8) was chosen to minimize multiple scattering. Measuring
the time ions take to collect onto the sense wire with knowledge of the drift velocity
gives the particle position within the cell. The resulting r−φ resolution for the MDC
is better than 130 µm. Alternating layers of axial and stereo sense wire layers are
used to determine the z position of charged tracks. Stereo wire layers with identical
radius at both ends are rotated in φ creating a hyperboloid surface. The z resolution
is between 3 mm to 4mm.
The design of the MDC was optimized for excellent momentum and position res-
olutions. The momentum resolution is limited by multiple scattering effects due to
interactions of charged particles with material in the MDC. Efforts to reduce material
and still achieve the needed tracking resolutions include using thin field wires, a he-
lium based gas system, joining the inner and outer components of the drift chamber
with no separating wall and an optimum drift cell size. Position resolution is domi-
nated by the diffusion of ions generated from the primary charged particle. Designing
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small drift cells can reduce electron diffusion but increases material which impacts
momentum resolution.
3.3.3 MUC
The outermost detector at BESIII is interleaved in the steel yoke that supports the 50
ton spectrometer. The MDC tracks large momentum charged particles that escape
the spectrometer inner components. The steel yoke is broken into 9 barrel layers and
8 end cap layers of resistive plate chambers (RPC). The hits in each layer combined
with tracking information from the MDC can be used to identify muons.
An RPC is housed inside a gas filled box. The ionization of the gas due to interac-
tions with charged particles facilitates tracking, where the electric field is applied by
plates held at positive voltage. The charge is collected on grounded readout strips.
A double gap RPC can reach close to 98% muon tracking efficiency. A schematic of a
super module composed of a grounded readout strip and a double gap RPC is shown
in Figure 3.9
3.4 Particle identification system
Information from the MDC and TOF from charged particles are used as input to a
particle identification system which can assign a probability for each particle species
hypothesis. The candidate charged particles of primary interest are the electron,
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The quality assurance procedures at BGST included a 
gas leak test, spacer glue joint check, and initial performance 
test and training. The gas leak test was done at 10 cm H2O 
over-pressure. Three main parameters: cosmic ray efficiency, 
dark current, and singles rate, were tested at a time for a group 
of RPC gas gaps in the test setup. The RPC gas gaps that 
passed the Q&A were delivered to IHEP for further testing.  
As with most gas detectors, the RPC gas gaps were 
subjected to a training procedure. The method used for the end 
cap counter training was conventional. The regular working 
gas was used, and the counters underwent cosmic ray tests 
while the training took place. The high voltage was cycled 
from 6 kV to 9 kV while the counter efficiency plateau was 
recorded. It took quite a long time, as long as many days in 
some cases, for the counter performance to reach an 
acceptable level. 
In order to speed up the training process, a very 
aggressive training method was later used at IHEP for the 
barrel counters. The gas gaps were trained in pure argon gas 
under high voltage at 10 kV. The initial current of a counter 
can be as large as several hundred µA/m2. Dark currents 
usually dropped quickly and after about 24 hours, the counter 
currents were often reduced to below 100 µA/m2. Counters 
with current still higher than this level were rejected after an 
additional 24 hour training. Performance of the accepted gas 
gaps was tested with the RPC operating gas mixture at 8 kV.  
The performance parameters of the single gas gap 
counters are summarized in Table 25. The data were taken at 8 
kV. The average efficiency measured using cosmic rays with 
temperature in the range of 20°C to 22 °C is 96% for the barrel 
and 95% for the end cap counters. Note that the percentage of 
surface area occupied by the spacers is about 1.6%.  
 
Table 25  
Performance of barrel and end cap RPC single gaps at 8 kV 
 
Barrel  Barrel End cap 
Average efficiency  96% 95% 
Dark current (µA/m2) 1.1 1.8 
Dark current (Hz/m2) 0.1 0.15 
 
A total of 384 end cap and 594 barrel single gap counters 
were produced. The total counter area is 1272 m2. Among all 
single gas gaps produced, five were rejected because they had 
either more than one unglued spacer or their dark currents 
were too high during the initial test. Another nine were 
rejected because they failed the cosmic ray test. Most of the 
rejected modules were end cap counters that were produced 
before the final quality assurance procedures were put into 
place.  
7.2.3. Design and construction of BESIII RPC modules 
The accepted single gas gaps were assembled into 136 
super modules, 72 in the barrel and 64 in the end cap. The 
RPC modules adopts a standard double-gap design to improve 
the muon detection efficiency. Two single gas gaps are 
stacked together to form a double-gap with the readout strips 
sandwiched in between as shown in Fig. 58. The muon 
tracking efficiency can reach approximate 98% using the 
double-gap design. The double-gaps were placed in a 32 mm 
thick aluminum box to become a super module. Two layers of 
6 mm thick polycarbonate honeycomb panels were used for 
mechanical protection. 
 
 
Fig. 58. Cross-sectional view of the double gap RPC. 
 
A typical end cap super module, which covers a quadrant 
of an octagonally shaped end cap, consists of six trapezoidal 
shaped single gas gaps, and a typical barrel super module 
consists of eight rectangular single gaps. Single gas gaps are 
not equal in size and they were staggered in a super module so 
that there are no dead regions except regions around the box 
edges where the gas gap frame, electronics and service lines 
are placed. The sizes of the barrel super modules vary 
according to layer number. The fractions of dead area range 
from 5.4% to 7.4% for the barrel and 6.9% to 7.8% for the end 
cap. The high voltage power supplies are common for all 
double gap modules in a super module and the gas flow is 
connected in series.  
Each of the RPC superlayers can measure only one 
coordinate and the orientation of signal strips alternate by 
layer. In the barrel, odd numbered layers having strips in the 
Z-direction measure azimuthal coordinates, and even 
numbered layers having strips in the Φ direction measure the 
longitudinal coordinates. The readout strips in the end caps are 
arranged alternately in the horizontal (X) and vertical (Y) 
directions with odd numbered layers measuring the  Y-
coordinates and even numbered layers measuring the X-
coordinates as indicated in Fig. 59. 
 
 
 
Fig. 59. The RPC layer arrangements and strip orientations. 
 
Figure 3.9: From [7], a double gap RPC super module at BESIII.
muon, p oton, pion, kaon, and their respective anti-particle.
3.4.1 dE/dx
Charged particles interact with the gas in the MDC forming streaks of ions that are
picked up by field wires. The pulse peak of the signal is related to the energy loss of the
particle. Tracking the energy loss of the particle is used to derive dE/dx. Ionization
energy loss is a function of momentum and mass by the relation, βγ = p/m. When
dE/dx is plotted as a function of mom ntum some discrimination of charged particle
species is evident, see Figure 3.10(a). At BESIII, kaons and pions can be separated by
3σ for momentum below 0.6 GeV/c and their is good e/pi separation for momentum
above 0.4 GeV/c.
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36 3. Analysis Tools
Figure 3.4: (a) The normalized pulse heights (dE/dx) vs. momentum of charged particles;
(b) The mass square distribution from TOF measurements.
The TOF system measures the flight time of charged particle. The velocity (βc) and
mass (m) of the charged particle can be calculated from
β =
L
c× tmea , m
2 = p2 × 1− β
2
β2
, (3.7)
where tmea is the measured time-of-flight, L and p are the corresponding flight path and
momentum of the charged particle given by MDC measurements, and c is the velocity
of light in vacuum. The typical mass square distributions for electrons, pions, kaons and
protons in diﬀerent momentum ranges are shown in Figure 3.4(b).
The PID capability relies on good time resolution (σt) of the TOF system. σt depends
on the pulse height, hit position, and the beam status. Usually the value of σt varies for
diﬀerent TOF counters due to diﬀerent performance of the scintillator, PMT, and elec-
tronics. Since the TOF measurements are correlated due to the common event start time,
the weighted time-of-flight for two layers is obtained by a correlation analysis discussed
below and in in Ref. [53].
The CsI(Tl) Calorimeter
The CsI(Tl) crystal electromagnetic calorimeter (EMC) contains 6240 crystals, and is
used to measure the energy of photons precisely. The energy and spatial resolutions are
2.5% and 0.6 cm at 1 GeV, respectively. The characteristics of an electromagnetic shower
is distinctive for the electron, muon and hadron, thus the energy deposited and the shape
of the shower in the calorimeter can be used as discrimination variables for PID.
The energy deposited by minimum ionizing charged particles passing at normal inci-
dence through the EMC crystals without interacting is about 0.165 GeV. Electrons and
positrons lose all of their energies in the calorimeter by producing electromagnetic show-
ers, the ratio of deposited energy to the track momentum (E/p) will be approximately
unity. Sometimes the energy deposited by hadrons will have an E/p ratio higher than
that of the expected by ionization due to the nuclear interactions in the CsI material.
Figure 3.5(a) shows the energy deposited versus momentum for e, µ and π in the EMC.
Figure 3.10: From [19], the BESIII particle identification system
inputs as a function of momentum. (a) The energy
loss per unit distance. (b) The expected mass square
from TOF measurements.
3.4.2 TOF
The TOF is composed of plastic scintillator counters that run the length of the MDC.
The MDC is nclosed by a double layer barrel and two single layer end cap TOF
counters. Small gaps between the barrel and end cap TOF allow for echanical
access to the MDC and result in a polar angle coverage of | cos θ| < 0.82 in the barrel
and 0.85 < | cos θ| < 0.95 in the end cap.
When a charged particle interacts with the TOF they give off scintillation light
that is read by a photomultiplier. The leading uncertainty of the TOF system is
the intrinsic timing resolutio of the plastic scintillator. At BESIII thi is between
80-90 ps. The total timing uncertainty of the TOF detector is between 100 and
110 ps. Precise knowledge of the time and path length is combined to determine β,
the velocity of the particle normalized to the speed of light. The energy of a particle
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if E = γm where γ = 1√
1−β2
. From the energy-momentum relation we can re-write
E2 = m2 + p2 as m2 = p2(1−β
2
β2
), where p is the particles momentum. The mass
square as a function of momentum at BESIII is shown in Figure 3.10(b). The TOF
can provide 2σ discrimination of kaons and pions up to 0.9 GeV/c.
3.5 Calorimetry
While the MDC is an excellent device to learn about charged particles, it is oblivious
to photons and other neutral particles. To learn about these neutral particles their
energy must be measured in devices known as calorimeters.
3.5.1 EMC
The electromagnetic calorimeter (EMC) at BESIII is composed of 6240 CsI(Tl)
crystals arranged around the TOF. The barrel is composed of 44 rings, each with
120 crystals. Each end cap consist of 6 rings that are split into two tapered half-
cylinders. For mechanical support, cables, and cooling pipes a 50 mm gap separates
the barrel and end cap. The polar angle coverage of the barrel is | cos θ| < 0.83 and
0.85 < | cos θ| < 0.95 in the end cap for a total coverage of 93% of 4pi.
Each crystal points towards the interaction region with a 1.5◦ tilt in the φ direc-
tions and 1.5◦ to 3◦ in the θ directions. This is to capture photons from the interaction
point escaping through cracks between crystals. The material of the crystal plays an
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important role in determining the low energy threshold for photon detection and the
light yield. The crystal best suited for physics at BESIII was the CsI(Tl). The min-
imum photon energies considered in our reconstruction are 25 MeV (in the barrel)
and 50 MeV (in the end caps). The position resolution of the calorimeter is 0.6 cm
for 1 GeV photons.
Attached at the end of the crystal are two Hamamatsu S2744-08 photodiodes. The
choice of solid state photodiodes as opposed to traditional vacuum tube photomul-
tipliers is necessary for its operation in the presence of strong magnetic fields. The
silicon photodiode is powered by a pre-amplifier box and is attached to the center
of the glass as shown in Figure 3.11. While the area of the two photodiodes is only
about 10% of the total area of the back crystal, it can collect over 10% of the light.
This is due to the reflective material wrapped around each crystal unit which provides
efficient reflection and prevents light leakage.
Photons that hit the silicon photodiode will pair produce, and be accelerated by
a gradient electric field produced by the pre-amplifier. The cascade of electrons and
positrons results in a charge distribution whose area is proportional to the photon
energy. The uniformity of energy measured in each crystal unit was carefully studied
as this impacts the energy resolution. The quantum efficiency of each photodiode,
the variation in its gain, and non-uniformities in the crystal are measured and taken
into account when calibrating the crystal energy.
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6.2.2. Crystal wrapping 
Past experience has shown that a CsI(Tl) crystal wrapped 
by a diffusive white layer backed by an aluminum layer yields 
the highest light collection efficiency at the rear end of the 
crystal. The relative light yields of a crystal readout by two 
photodiodes of the size of 1 cm × 2 cm with 10 different 
wrapping combinations were measured and are shown in Fig. 
36. A layer of laminated sheet of 25 µm thick aluminum and 
25 µm thick mylar was wrapped on the outside. The double 
layer Millipore or Tyvek wrapping and the combined 
Millipore and Tyvek wrapping produced high reflection 
efficiencies (10, 5, 7, 8 and 6). Tyvek was chosen as the 
wrapping material because of its known reliable performance.  
 
 
Fig. 36. Comparison of the relative light output (PD readout) of a 
CsI(Tl) crystal wrapped  with different reflection films. 
 
The CsI crystals of the BESIII EMC were wrapped with 
two layers of 130 µm Tyvek white paper and 25 µm polyester 
film laminated with 25 µm aluminum. The aluminum 
laminated polyester film provides further light collection 
enhancement, hermetic seal, RF shielding, electric isolation 
between crystals and mechanical protection. The aluminum 
film is electrically connected directly to the aluminum box of 
preamplifier box. The total thickness of the wrapping layers is 
310 µm. There are no more dead materials between the 
crystals since they are suspended from their ends without 
partition walls. Gaps between crystals were kept to a minimum 
by the design of the mechanical suspension structure with 
radial adjustments and assembly procedures that will be 
described later.  
6.2.3. Photodiodes and preamplifier assembly 
The schematic of the crystal unit is shown in Fig. 37. A 
50 mm×50 mm aluminum base plate 8 mm thick with a 
rectangular opening for the photodiodes was fixed to the 
crystal rear surface by four M4 self-tapping stainless steel 
screws. Two 1 cm x 2 cm Hamamatsu S2744-08 photodiodes 
were glued onto a 2 mm thick Lucite light guide, and the light 
guide was glued directly at the center of the crystal surface in 
the rectangular opening of the base plate. A two-component 
optical epoxy (Eccobond 24) was used. The gluing process 
was done in a dry box with relative humidity less than 10% at 
room temperature. After the epoxy cured, the rectangular 
opening in the aluminum base plate was covered with a layer 
of 500 µm thick Teflon that increased the light yield by about 
7%.   
Since the total rear surface area of a crystal is 
approximately 40 cm2; the percentage area covered by the 
silicon photodiode is about 10%, however ,the fraction of light 
collected by the photodiodes is more than 10% because of 
light reflection by reflective material covering the rest of the 
crystal end surface.  
 
 
Fig. 37. Mechanical assembly of the crystal unit. 
 
An amplifier box made of aluminum and housing two 
preamplifiers was mounted onto the aluminum base plate. The 
two photodiodes were directly coupled to the two 
preamplifiers via short wires. All metal shields (the aluminum 
foil wrapping the crystal, the base plate and the amplifier box) 
were electrically connected together to the ground of the 
preamplifiers to minimize electronic noise. Output signals of 
the preamps, power and photodiode bias voltage are supplied 
by a 20 conductor twisted pair cable. An optical fiber 
connector is mounted through a hole in the aluminum plate, 
and laser light can be used to illuminate the rear end of the 
crystal for system calibration and monitoring. 
Quantum efficiencies of photodiodes can vary by about 
10%. A database of the quantum efficiency of every 
photodiodes was established by testing every diode on an 
optical tester. The measured distribution of the relative 
photodiode quantum efficiencies is shown in Fig. 38. The 
database was used to match the quantum efficiencies of the 
two photodiodes to be attached to a crystal with the light yield 
of the crystal. A small number of photodiodes with relatively 
low quantum efficiencies were rejected. 
 
 
Fig. 38. Distribution of relative quantum efficiencies of photodiodes. 
Figure 3.11: From [7], the mechanical assembly of an EMC crystal
unit.
In pi0 → γγ dec ys the showers of the two pho ons are converted into energy
by clustering hits and summing over the energy in each crystal. By comparing the
measured two photon mass with the well known pi0 mass the energy resolution σE/E
can be calculated. The energy resolution of the BESIII EMC is 2.5% at 1 GeV.
3.6 Trigger
Detectors like BESIII which are close to the surface of the Earth suffer from the
constant ombardment of cosmic ray muons. The cosmic ray event rate at BESIII is
estimated at 1.5 kHz assuming the number of muons per meter-square per second is
170 and the BESIII detector cross section is 3 m× 3 m. With a level 1 (L1) trigger
this event rate is suppressed to about 200 Hz. Based on the beam luminosity the
event rate for physics is about 2 kHz. The total background rate after a L1 trigger is
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kept to less than 2 kHz.
The TOF response time from a physics interaction is the fastest of the BESIII
subsystems. Hits in the TOF trigger the L1 trigger system. The L1 trigger system is
additionally informed by the MDC and EMC, see Figure 3.12. The length of tracks
reconstructed by the properties of the event are passed from each subsystem to yield
basic trigger conditions. The final trigger decision is handled with the Global Trigger
Logic (GLT). The TOF hit patterns and MDC tracks are combined by a Tracking
Matching Logic unit that additionally informs the GLT.
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8.3. MDC sub-trigger system 
8.3.1. Overview 
The drift cell hit patterns projected onto the r-ϕ plane are 
used for identifying tracks originating from the IP with 
momentum higher than a pt threshold. The MDC sub-trigger 
can discriminate background tracks associated with beam 
losses, synchrotron radiation and cosmic rays. It checks hits 
for a track segment with a transverse momentum greater than 
pt, determines “long” or the “short” tracks and counts the 
number of the tracks. Trigger conditions are based on the 
number of tracks, the angles and positions of tracks to form 
global triggers, and the track position information is also 
available to the track matching logic.  
The signal flow of the MDC L1 trigger system is shown 
in Fig. 67. Signals are transmitted from the MDC electronics 
crates located in the collision hall via optical links to the L1 
trigger crates that are located in the counting room. The MDC 
sub-trigger system consists of MDC signal fiber transmitters 
(MFTs), track finders for the axial layers of outer chamber 
(TFKs), track finders for inner chamber signals (ITFKs) and 
track counter (TKC) modules. Tracks classified as long tracks, 
short tracks and inner-chamber tracks are counted in the TKC 
and MDC trigger conditions are determined.  
 
 
 
 
Fig. 67. Signal flow chart of the MDC sub-trigger. 
 
The current MDC L1 trigger [51] is based on tracks 
using hits in the four axial superlayers SL3, SL4, SL5 and 
SL10, as shown in Fig. 68. Trigger logic using the two stereo 
inner layers is implemented although there is no immediate 
plan to use the inner chamber in the L1 trigger. The number of 
sense wire signals used in the L1 trigger is 2,796, including 
the 484 sense wires of the inner chamber. Backgrounds due to 
beam losses and cosmic rays may be suppressed by including 
inner chamber tracks, but the disadvantage of including the 
inner chamber in track finding requirements is that the 
efficiency of triggering is low for neutral particles decaying in 
the tracking volume.  
 
 
 
 
Fig. 68. Graphic display of track segment, long and short tracks in 
MDC. 
 
8.3.2. MFT and TKF communication 
The MFTs are 6U VME modules, and each can 
accommodate signals from 32 sense wires. There are a total of 
96 MFTs in the system for the 2,796 sense wire signals that 
are transmitted to the L1 trigger crates. The TKF and ITKF are 
9U VME modules. There are a total of eight TKF modules, 
each module covers an MDC octant with necessary overlaps 
on either side.  
Optical fibers are used between the MFT and TKF (ITKF) 
to eliminate ground-loop current interference between the 
trigger and FEE electronics systems. Xilinx RocketIO 
transceivers implemented in the Virtex-II Pro FPGA chips are 
used for parallel-to-serial and serial-to-parallel conversion. 
The 32-bit wide signal words, plus some control words, are 
packed into a serial format in MFT and transmitted to ITK 
(ITKF) in the MDC L1 trigger crates via 45 m long optical 
fiber cables at a rate of 1.75 Gb/s, under the control of the 
41.65 MHz system clock. The serial optical data received are 
converted back to parallel electrical signals and re-
synchronized with the 41.65MHz L1 system clock by the 
TKFs and ITKF.   
8.3.3. Track  finder 
Track segments are defined in the superlayers based on a 
3 out of 4 (3/4) logic that requires 3 hit layers in a 4 layer 
superlayer. The 3/4 logic improves the efficiency of finding 
track segments. Cell hit patterns are examined according to a 
memory look-up tables (LUT) to test for the presence of a 
candidate track segment. The LUT is generated based on 
Monte Carlo simulation of superlayer responses to charged 
tracks in the MDC. Originating from the IP, charged tracks 
that are able to reach SL10 must have at least a pt of 110 
MeV/c. Anchored by one cell in the track segment finding 
process, the number of possible cell combinations is fairly 
large, in order to achieve the desired low track transverse 
momentum trigger threshold. 
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 Track segments are checked further in LUTs for long 
and short tracks. Tracks that contain track segments in 
superlayers 3, 4, 5 and 10 and tracks that have valid track 
segments in superlayers 3, 4 and 5 are defined as long tracks 
and short tracks respectively, and counted separately. Tracks 
that can reach superlayer 10 should have a minimum 
transverse momentum of 110 MeV/c in a solenoid field of 1 
Tesla and they must have 70 MeV/c transverse momentum to 
reach superlayer 5. To reject cosmic and beam-related 
backgrounds, transverse momentum cuts of 120 MeV/c and 90 
MeV/c, respectively, are used for Long Track and Short Track 
decisions. The simulated efficiencies of finding long and short 
tracks as a function of pt are plotted in Fig. 69. Here the wire 
efficiency was assumed to be 100%. For two tracks, back-to-
back conditions are also defined. Because of the desired low pt 
threshold, the back-to-back requirement is broadened to a 40° 
cone.  
 
 
 
Fig. 69. Simulated efficiencies of finding long and short tracks as 
functions of pt. 
 
The MDC trigger conditions are categorized and counted. 
Based on Monte Carlo simulation, trigger conditions that can 
be used to aintain high trigger efficiency for good physics 
events and suppress the backgrounds are established. The 
MDC L1 trigger defines nine basic trigger ditions:  
 
• NLtrk ≥ 1: Number of long tracks ≥ 1. 
• NLtrk ≥ 2: Number of long tracks ≥ 2. 
• NLtrk ≥ N: Number of long tracks ≥ N (N is programmabl ). 
• NStrk ≥ 1: Number of short tracks ≥ 1. 
• NStrk ≥ 2: Number of short tracks ≥ 2. 
• NStrk ≥ N: Number of long tracks ≥ N (N is programmable). 
• STrk-BB: Short track back-to-back. 
• NItrk ≥1: Number of inner tracks ≥ 1.  
• NItrk ≥ 2: Number of inner tracks ≥ 2. 
 
The conditions that require the number of tracks ≥ N are 
intended to identify even s i  which an e tire region triggers 
because f beam background or noise. The MDC trigger 
information is transmitted to the track matching modul  to be 
combined with the TOF and EMC trigger information, and 
also directly to the global trigger logic.  
8.4. EMC sub-trigger system 
8.4.1. Overview 
The EMC sub-trigger generates the L1 trigger [52] based 
on the total energy, the energy balance in different regions and 
the number of isolated energy clusters. Basic trigger cells 
consist of 16 (4 ×4) crystals in the barrel and 15 crystals in the 
end-caps, as shown in Fig. 70.  
 
 
 
Fig. 70. EMC trigger cell arrangements in the barrel and end caps. 
 
Fig. 71 shows the block diagram of the EMC sub-trigger 
data flow. Analog energy sums of trigger cells (TCs) are 
generated by the post amplifier modules in EMC readout NIM 
crates and transmitted to the TCBA modules by short twisted-
pair cables. The TCBA modules are in a 9U VME crate next 
to the NIM crates of the EMC readout electronics system. 
TCBA modules process the received analog sums of the TC 
energies. 
 
 
 
Fig. 71. Trigger cells of EMC barrel (left) and 1/8 end cap (right). 
 
 Trigger cell energies are compared to a predetermined 
threshold in a discriminator for each cluster. The energies of 
TCs within a cluster are summed together and digitized by a 
flash ADC. Also, isolated energy clusters are found by joining 
adjacent TCs.  
The total energy in a module and the numbers and 
distributions of the isolated clusters are sent to the EACC 
module via an optical link. The digital signals of trigger cells 
and trigger blocks are processed by the two function blocks in 
the EACC module. The L1 trigger conditions of the EMC, 
including the energy of trigger blocks, the counts and positions 
of isolated energy clusters, are generated. Isolated TC 
positions are sent to the track matching logic to be combined 
with the TOF and MDC trigger information. The EMC trigger 
Figure 3.12: From [7], (left) long and short tracks reconstructed
in the MDC, (right) EMC cell energies in the barrel
and end cap.
The L3 trigger further suppresses background from signal events using special-
ized software packages that run off-line. After the L3 trigger background events are
reduced to below 1 Hz while keeping the physics event rate constant.
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3.7 Data Acquisition
The BESIII data acquisition system (DAQ) accomplishes data collection, event build-
ing, filtering, and recording of event data. The data rate must be reliable and handle
over 30 thousand signals. The results of the L3 trigger are ultimately saved on disk.
The data can be later analyzed using reconstruction software.
3.8 Data summary
The announcements from BaBar and Belle of unexpected vector charmonium-like
particles inspired the BESIII collaboration to begin their own investigation in 2013.
In 3 years over 5 fb−1 of electron-positron collisions have been accumulated. In this
analysis we use a total integrated luminosity of 4.6 fb−1 spread among six center-of-
mass energies: 482 pb−1 at 4.01 GeV, 1092 pb−1 at 4.23 GeV, 826 pb−1 at 4.26 GeV,
540 pb−1 at 4.36 GeV, 1074 pb−1 at 4.42 GeV, and 567 pb−1 at 4.60 GeV [5].
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Chapter 4
BESIII Oﬄine Software System
The velocity and volume of data produced by the BESIII detector stretches the limits
of modern electronics. The detector is made-up of about 30K channels [7] that,
when pieced together with software, can reveal the position, momentum, and energy
of charged or neutral particles. Mapping channels to a detector component and
combining that measurement for a higher level understanding of the interactions
inside the detector are handled by the BESIII oﬄine software system (BOSS). In this
chapter we will discuss the simulation, calibration, and reconstruction of particles
using the BESIII detector.
The BESIII oﬄine software system (BOSS) was developed in C++ and built
to incorporate external high energy physics (HEP) libraries. BOSS is designed to
manage and process data collected by the BESIII detector. It also re-uses parts of
code from other HEP experiments such as Belle, BaBar, ATLAS, and GLAST [7].
The BOSS framework is based around software that provides common interfaces for
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data processing and analysis called Gaudi [28].
Events that pass the L3 trigger and information concerning the data quality are
saved to disk. These digitized detector signals are known as raw data. Raw data
can also be generated by monte-carlo (MC) packages with the help of HEP libraries
and Gaudi’s event data service. Section 4.1 further describes select MC packages.
Reconstruction algorithms and calibration constants are applied to raw data. The
resulting data file is known as a data summary tape (DST). Gaudi’s event data
service can handle both raw and DST data types and is the common interface for
reconstruction algorithms. BOSS also provides services and utilities than can be
accessed by different algorithms. The magnetic field in the detector volume is provided
by the magnetic field service. Services also exist that provide properties of particles
and their paths. An overview of the software architecture of BOSS is shown in
Figure 4.1.
4.1 Simulation
The simulation of particle interactions within the BESIII detector is a powerful tool
used to model both signal and background processes. In addition, simulated data
allows the experimentalist to study different aspects of the detectors performance
such as: the detection efficiency of our final state ηc(1S) decay channels and the mass
resolution of the ηc(1S) signal.
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Abstract 
The BESIII is a general-purpose experiment for 
studying electron-positron collisions at BEPCII, which is 
currently under construction at IHEP, Beijing. The BESIII 
offline software system is built on the Gaudi architecture. 
This contribution introduces the BESIII specific 
framework implementation for simulation, calibration, 
reconstruction and physics analysis. It also describes the 
implementation of reconstruction algorithms for all sub-
detectors and the BESIII event display tool.   
INTRODUCTION 
The Beijing Electron Positron Collider II (BEPCII), the 
upgrade of BEPC, is a multi-bunch e+e- collider that is 
scheduled to provide collisions in 2007. The BESIII [1] is 
a general-purpose detector being built to meet 
requirements of physics studies at BEPCII. The BESIII 
detector consists of the following components: 
• A He gas based Main Drift Chamber (MDC) with 
a single wire resolution better than 130 μm.  
• A CsI Electromagnetic Calorimeter (EMC) with an 
energy resolution better than 2.5% at 1 GeV. 
• A Time-of-Flight (TOF) system with a time 
resolution better than 100 ps. 
• A super-conducting solenoid magnet with a field 
of 1.0 Tesla. 
• A RPC based Muon Chamber (MUC) system. 
The BESIII Offline Software System (BOSS) is 
developed using C++ language and object-oriented 
techniques on the operation system of Scientific Linux 
CERN (SLC3). The CMT [2] is used as a software 
configuration tool. The BESIII software uses lots of 
external HEP libraries including CERNLIB, CLHEP, 
ROOT [3] etc and also re-uses parts of code from Belle, 
BaBar, ATLAS and GLAST experiments. The whole data 
processing and physics analysis software consists of five 
functional parts: framework, simulation, calibration, 
reconstruction, and analysis tools. 
FRAMEWORK 
The BOSS framework has been developed based on 
Gaudi [4], which provides standard interfaces for the 
common software components necessary for data 
processing and analysis. The overall architecture is shown 
in Figure 1. The framework employs Gaudi’s event data 
service as the data manager.  Reconstruction algorithms 
can access the raw event data from Transient Data Store 
(TDS) via the event data service. However, it is the raw 
data conversion service that is responsible for conversions 
between persistent raw data and transient raw objects. The 
detector’s material and geometry information are stored in 
the GDML [5] files. Algorithms can retrieve this 
information by visiting corresponding services. Through 
the DST conversion service, the reconstruction results can 
be written into ROOT files for subsequent physics 
analyses. 
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Figure 1: The overall BESIII software architecture. 
Furthermore, the BOSS framework also provides 
abundant services and utilities to satisfy the requirements 
from different BESIII algorithms. For instance, the 
Figure 4.1: From [7], the BESIII soft are architecture overview.
When the detector picks up a signal from a particle it is sent to a trigger system.
If the event passes L3 then properties of the signal are saved to disk. These properties
include its shape, integral, and timing. Reconstruction software builds a picture of
the interaction from these properties. The high level interaction of particles with the
detector can be used to generate low level signal properties and run through the same
reconstruction software. BOSS integrates about 30 generators written in Fortran.
The generators relevant to this analysis will be discussed.
4.1.1 GEANT4
To simulate a particles interaction with the detector material GEANT4 [17] simulation
software is used. Some of the BESIII detector shapes are difficult to model so the
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external packages G4TwistedTube [42] and G4IrregBox [1] were added. With this any
particle can be simulated anywhere in the detector. At BESIII, this powerful tool is
used to simulate particles produced from electron-positron annihilation with tunable
center of mass energies at the center of the detector. The physics of a reaction such
as the decay amplitude and rates is handled by KKMC and EvtGen. The physics
domain of each generator is shown in Figure 4.2
24 3. Analysis Tools
3.1.2 Generator framework
The default generator framework for BES-III uses KKMC + BesEvtGen to gen-
erate charmonium decays. Charmonium production via e+e− annihilation is illustrated
in Fig. 3.1. The inco ing positrons and electrons can radiate real photons via initial
state radiation (ISR) before they annihilate into a virtual photon. Corrections for these
radiative pr cesses are crucial in e+ − annihila i expe ime ts, especially for measure-
ments performed near a resonance or a production threshold (see chapter 5). In order to
achieve precise results, generators for e+e− collision must carefully take ISR into account.
The KKMC generator is used to simulate cc¯ production via e+e− annihilation with the
inclusion of ISR eﬀects with high precision; it also includes the eﬀects of the beam energy
spread. The subsequent charmonium meson decays are generated with BesEvtGen.
e+
e−
γ
γ∗ (cc¯)
X
KKMC BesEvtGen
Figure 3.1: Illustration of BES-III generator framework.
It should be noted that the events are generated in the centre-mass-system (cms) of the
e+e− beam. However, the e+e− beams at BEPCII are not aligned exactly back to back;
there is a crossing angle between the two beam of about 22 mrad. Thus, the produced
charmonium state is not at rest and instead moves along the x−direction with a small
momentum. As a result, the generated events have to be boosted to the laboratory system
before proceding through the detector simulation. This boost is implemented outside of
the generator framework.
3.1.3 BES-III Generators
Early generators used at BES-III were those used for BESII, which includes about 30
generators. These are now obsolete and we do not recommend their use.2 In what follows,
we focus on the generators currently used in the BES-III generator framework.
KKMC
KKMC [8] is an event generator for the precise implementation of the Electroweak
Standard Model formulae for the processes e+e− → f f¯ + nγ (f = µ, τ, d, u, s, c, b)
2Currently, the truth tables of these generators are not available in the simulation
Figure 4.2: From [19], event generator framework at BESIII.
4.1.2 KKMC
The QED processes of e+e− annihilation to fermion anti-fermion pairs, e+e− → ff¯ +
nγ (f = µ, τ, d, u, s, c, b), is precisely implemented by KKMC [44]. Importantly, initial
and final state interfer nce effects are also implemented. The generator can simulate
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this e+e− interaction from τ+τ− threshold to 1 TeV. At BESIII, KKMC is used to
generate cc¯ resonances with the inclusion of ISR effects and the beam energy spread.
4.1.3 EvtGen
The decay of a ff¯ resonance produced by KKMC can be modeled in many ways.
EvtGen is designed to use spin-density matrix information and a decay model of the
probability amplitudes to generate a sequential decay chain. At BESIII, EvtGen is
modified for tau-charm physics and called BesEvtGen. This analysis uses BesEvtGen
to generate MC samples of signal and background processes [47].
4.2 Calibration
At BESIII each electronic signal undergoes some combination of amplification and
pulse shaping before being digitized by a flash analog-to-digital converter (fACDC).
The digitized pulse is then processed by a field programmable gate array (FPGA)
which can extract the pulse integral. At any step in the electronics chain noise can
contaminate the signal and reduce the design resolutions of the BESIII detector.
These low level calibrations are performed regularly by using onboard pulse genera-
tors.
A particle physics detector will degrade due to the extreme radiation environment
caused by colliding beams of electrons and positrons. Over time the components
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degrade and the design resolution worsens. By comparing MC of well-known de-
cay processes with data we can calibrate the detector. Calibration often require
large statistics which BESIII can provide with its high luminosity e+e− beam and by
choosing physics processes with a large cross section. The MDC, for instance, used
J/ψ → µ+µ− to calibrate both position and dE/dx. The efficiency in the MDC as a
function of wire layer is shown in Figure 4.3. The MUC calibration involves studying
the RPC detection efficiencies as a function of area. In addition, the cluster size and
noise level are also studied.
The EMC is composed of CsI(Tl) crystals with a photodiode attached at the end
to measure a particles energy as a charge distribution. The integral is related to the
energy distributed in the crystal. The gain on each photodiode can be tuned which
will change the signal integral. The gains in each crystal are recalibrated periodically
and monitored frequently by a LED pulser system. Oﬄine calibration is performed
by analyzing pi0 → γγ decays.
The TOF is made up of plastic scintillators which have a very fast response time.
The timing and energy calibration is done by analyzing J/ψ to leptons. The effec-
tive velocity, attenuation length, muon energy loss, etc are saved to the calibration
database for later use by the reconstruction algorithms. The status and performance
of the TOF is monitored regularly by a laser-fiberoptics pulsing system.
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Fig. 17. Efficiency versus distance from the wires in layer 40. 
 
 
 
Fig. 18. Residual distribution measured in the clean room using 
cosmic ray muons. 
 4.4. Electronics  
4.4.1. Overview  
The MDC electronics system is designed to process the 
output signals from 6,796 sense wires. The main tasks of the 
MDC electronics are: 
• To measure the drift time of ionization electrons.  
• To measure charges collected by sense wires. 
• To provide the hit signals to the L1 trigger system.  
• To transmit time and charge data to the DAQ 
system. 
The block diagram of the MDC readout electronics 
system is shown in Fig. 19. It consists of the following main 
components: 
• Preamplifier/HV card. 
• Charge and Time measurement Module (MQT). 
• Type I and II Fan-out (MF-I and MF-II) 
Modules. 
• Readout Control Module (MROC). 
• Calibration and Control Module (MCC). 
• Trigger Interface Module (MTI). 
• PowerPC (PPC) Controller 
 
 
Fig. 19. Block diagram of the MDC readout electronics. 
 
The MDC sense wire signals are first amplified by fast 
trans-impedance preamplifiers located very close to the wire. 
Outputs of the preamplifiers are sent to the readout crates via 
18 m long shielded twisted pair cables.  
Signals are further amplified and split into three branches 
for timing, charge measurements and the L1 trigger. The 
discriminated timing signals are digitized by CERN HPTDC 
chips [27]. The discriminated signals are also sent to the L1 
trigger. For charge measurement, the signals are shaped and 
integrated by charge amplifiers. Signals are then digitized by 
flash ADC chips. The digital readout and system control logic 
are implemented in FPGA chips. Valid data are transmitted to 
the online computer farm via the VME bus and optical links. 
The MDC readout electronics modules occupy a 6U VME 
crate and sixteen 9U VME crates. 
4.4.2. Performance specifications and test results 
Uncertainties of the signal charge and arrival time 
measurements from electronics must be kept small in order to 
ensure that their contributions to MDC measurement 
uncertainties are insignificant. The wire position resolution of 
130 µm corresponds to a time resolution of about 3.5 ns. The 
time resolution design goal for the electronics chain was set to 
< 0.5 ns so that it has a negligible contribution on the position 
resolution. In order to cover the ~400 ns maximum electron 
drift time, the time measurement range of the electronics was 
set to 500 ns, and the linearity should be better than 0.5%. 
The most probable signal charge produced by minimum 
ionizing particles on a sense wire after amplification is 450 fC 
determined from the cosmic ray test of the MDC prototype. 
The required dynamic range of charge measurements is from 
15 fC to 1,800 fC to ensure large signals in Landau tails are 
not saturated. The nonlinearity of the charge measurements 
should be < 2% over the full range before offline corrections. 
The maximum linear range of 1,800 fC will result in 
approximately 5% of signals being saturated, and these will be 
discarded in track dE/dx calculations.  
Figure 4.3: From [19], Electronics chain of the MDC.
4.3 Reconstruction
Digitized signals either real or simulated are mapped to physical space and recon-
structed with various algorithms. The final st tes in the analysis involve charged
particles which quire track momentum and position reconstruction algorithms. The
position of charged particles is calculated by a track-finding algorithm. The momen-
tum additionally requi es a track-fitt ng algorithm which is based on a Kalman-Filter.
In addition, a probability is assigned to each charged particle species by a particle
identification algori hm which combines information about dE/dx and time-of-flight.
Photons are easured by the electromagnetic calorimeter (EMC). When a photon
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shower hits the calorimeter its energy is distributed among multiple crystals. The
crystal energies are then clustered to determine the original energy and position of
the shower. Other final state particles include the pi0 and η mesons which are measured
in their γγ decays.
Kinematic information about a particles decay is used to further select final state
reactions. In the case of the pi0 and η mesons, combinations of two photon masses
are constrained to fall within 107 < M(γγ) < 163 MeV/c2 for the pi0 and 400 <
M(γγ) < 700 MeV/c2 for the η. The invariant mass of all final state particles can
be compared to the center-of-mass energy of the e+e− collision to differentiate signal
from background. The KS meson primarily decays to charged pion pairs. The long
mean lifetime of the KS of about 90 ps leaves a displaced vertex with respect to the
interaction point. In analyses involving a KS the decay length of a KS over its error
L/σ can sometimes be a discriminator of signal from background. In this analysis we
do not find selecting on L/σ for KS candidates to be a significant discriminator of
signal, but typically the decay length is at least twice as big as its variation.
While the algorithms used at BESIII are sophisticated and used in many other
HEP experiments, they are imperfect and cannot reconstruct all particles in an event.
Some of this is due fiducial constraints of the spectrometer and some is due to limita-
tion of the detector subsystems to detect low energy particles. There is also the issue
of combinatoric background due to intermediate particles which decay into photon
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or pion pairs. These issues are studied with the MC samples which model a signal
process and is presented in Chapter 7. The reconstruction efficiency is also estimated
from signal MC. Furthermore, MC is used to study the resolution of a particle due
to the limitations of digitizing a signal in the detector.
67
Chapter 5
Statistical Techniques in High Energy Physics
The interactions of subatomic particles is fundamentally probabilistic due to its quan-
tum mechanical nature. An experimenter, therefore, can only study such process by
repeating an interaction a sufficient number of times. Since each event is independent
we can borrow from the mathematics of probability and statistics to make measure-
ments and test hypotheses.
The occurrence or nonoccurrence of a phenomena is known as an event [52]. Statis-
tics provides a general framework to analyze events without needing to consider the
nature of the event. A sample space is a set of all possible outcomes denoted by Ω.
A collection of “interesting” events is a subset of Ω and denoted F . The space F is a
σ-algebra since each event must be assigned a probability where the probability is a
function that maps F → [0, 1]. For all events A the probability satisfies the following
requirements
P (A) ≥ 0, P (
∑
Aj) =
∑
P (Aj), P (Ω) = 1 (5.1)
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If the sample space Ω is composed of a finite number of disjoint events Ω = ∪mj=1Aj
then the random variable X assigns to these events real numbers xA1, . . . , xAm. For
instance, a random variable could be the invariant mass of a set of particles for a
specific event with probability P (Aj). The concept of a random variable is more
general than that of a random event in that for every random event A we can assign
a random variable with a 1 or 0 indicator based on whether or not event A occurred
denoted IAj. The expectation of a random variable X =
∑m
j=1 xjIAj is
E[X] =
m∑
i=j
xjP (Aj) (5.2)
The expectation E(X −E[X])2 is called the variance and is a measure of the spread
of the random variable. This is denoted σ2[X]
σ2[X] = E[X2]− E2[X] (5.3)
The probability that event B occurs given the occurrence of event A is known as
the conditional probability. For every event A with non-zero probability (P (A) > 0)
the conditional probability of event B given A is denoted
P (B|A) = P (B ∩ A)
A
(5.4)
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If the events A and B are independent then P (B∩A) = P (B)P (A). Random variables
X and Y are independent if any event in X is independent from Y .
5.1 Distributions
A probability distribution assigns probabilities to each random event. A discrete
probability distribution is known as a probability mass function or pmf, while a
continuos distribution is known as probability density function or pdf. A simple
random variable that forms the basis of the distributions discussed in this section
involve a binary choice (success, fail) with respective probabilities (p, 1− p). This is
known as the Bernoulli random variable.
5.1.1 Binomial
The Binomial distribution describes the probability of getting exactly k successes in
n independent events of a Bernoulli random variable. The probability mass function
is given by
Pr(X = k) =
(
n
k
)
pk(1− p)n−k (5.5)
where (
n
k
)
=
n!
k!(n− k)! (5.6)
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The expectation and variance of a random variable X chosen from a Binomial distri-
bution is E[X] = np and σ2[X] = np(1− p), respectively.
5.1.2 Poisson
The Poisson distribution is made up of successive independent Bernoulli random
variables that occurs within some interval. The pmf for observing k events in a given
interval is expressed as
Pr(X = k) =
λk exp(−λ)
k!
(5.7)
where λ is the average number of events per interval. The expectation and variance
for a Poisson distribution is λ.
5.1.3 Gaussian
In the limit of large n and λ the Binomial and Poisson distributions can be approxi-
mated by the Gaussian distribution given below
f(x|µ, σ2) = 1√
2piσ2
exp(−(x− µ)2/(2σ2)) (5.8)
where the mean µ = E[X] and the variance σ2 = V ar[X]. The central limit theorem
states that under some conditions, the sum of many random variables will have an
approximately Gaussian distribution.
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5.2 Figure of Merit
We can separate the set of outcomes Ω into two disjoint subgroups S and B, where
S represent the set of events classified as signal and B is the set of events classified
as background. The number of events in S and B are NS and NB, respectively.
The number of signal events and its error assuming Gaussian statistics is given by
NS ±
√
NS +NB. The significance of the signal with respect to its error is then
NS/
√
NS +NB, which will be called the figure of merit in this analysis.
A “cut” is a function that maps Ω→ S and Ω→ B. The application of successive
cuts removes both signal and background with different figure of merits.
In Chapter 7.2.2 we study how well a “cut” or event selection removes background
from signal where the figure of merit is optimized for each ηc(1S) decay channel.
5.3 Kinematic fitting
A kinematic fit is a mathematical procedure that incorporates the laws of physics
to improve the measurements describing the process [19]. For example, consider the
reaction e+e− → γηc(1S) where ηc(1S) decays to 2(pi+pi−pi0), K+KSpi−, or pi+pi−η,
and where KS → pi+pi−, pi0 → γγ and η → γγ. There are several constraints that
can be applied here: the pi+pi− pair from KS decays can be constrained to share a
common space point (2x2 - 3 = 1 constraint); in pi0 → γγ the mass has to equal
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the mass of the pi0 (1 constraint); in η → γγ the mass has to equal the mass of the
η (1 constraint); and the final state energies and momentas must equal the initial
center-of-mass energy (4 constraints). The application of these constraints improve
the mass resolution of the ηc.
The χ2/dof from kinematically fitting all final state particles to the initial center-
of-mass energy with additional constraints on the invariant mass due to the interme-
diate pi0’s, η’s, or KS’s provides good signal to background separation in this analysis.
In Chapter 7.2.2 we discuss the event selection procedure used to optimize this χ2/dof.
We discuss the systematic uncertainties due to the kinematic fit in Chapter 9.
The track parameters of a candidate particle can be defined in terms of seven
parameters for four-momentum and position
αW = (px, py, pz, E, x, y, z) (5.9)
In general, the set of n tracks where each track parameter can have a generic
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number of parameters is denoted in vector form as
α =

α1
α1
...
αn

(5.10)
The errors for each track measurement make up the diagonal elements of the so
called “weight matrix” which is denoted as V −1α0 [25] and defined below
V −1α0 =

1/σ2α1 0 · · · 0
0 1/σ2α2 · · · 0
...
...
. . .
...
0 0 · · · 1/σ2αn

(5.11)
We can write the r constraint functions generally as
H(α) ≡ 0, where H = (H1 H2 · · · Hr) (5.12)
We can expand 5.12 around α0 to yield the linearized equations
0 =
∂H(α0)
∂α
(α− α0) +H(αA) = Dδα + d (5.13)
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where δα = α− α0 and the matrices are
D =

∂H1
∂α1
∂H1
∂α2
∂H1
∂α3
. . . ∂H1
∂αn
∂H2
∂α1
∂H2
∂α2
∂H2
∂α3
. . . ∂H2
∂αn
...
...
...
. . .
...
∂Hr
∂α1
∂Hr
∂α2
∂Hr
∂α3
. . . ∂Hr
∂αn

, d =

H1(α0)
H2(α0)
...
Hr(α0)

(5.14)
The χ2 with r degrees of freedom is written as
χ2 = (α− α0)TV −1α0 (α− α0) + 2λT (Dδα + d) (5.15)
where λ is a vector of r unknown Lagrange multipliers and Vα0 is the covariance
matrix. The χ2 is minimized with respect to α and λ. The resulting vector equations
can be used to solve for the parameters α and their covariance matrix:
V −1α0 (α− α0) + DTλ = 0
Dδα + d = 0 (5.16)
75
The solution can be written as:
α = α0 − Vα0DTλ,
λ = VD(Dδα0 + d), (5.17)
Vα = Vα0 − Vα0DTVDDVα0
where VD = (DVα0D
T )−1 is the covariance matrix after the constraint with dimensions
r × r and
χ2 = λTV −1D λ = λ
T (Dδα0 + d) . (5.18)
The nonlinearities in the constraint equations requires the kinematic fitting to be an
iterative procedure until convergence is satisfied.
5.4 Likelihood Fitting
The likelihood that a hypothesis H describes a dataset x is denoted L(H) = P (x|H),
where x is the set of n outcomes of an experiment. Generally, the likelihood function
is obtained from the probability of the data under a hypothesis. In many cases the
hypothesis can be described by one or more continuous variables θ so the likelihood
becomes L(θ) = P (x|θ). A special case of the likelihood function is when the data
consist of independent and identically distributed (i.i.d) values. For a dataset of n
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i.i.d quantities x = (x1, . . . , xn) described by a common probability density function
(p.d.f) f(x;H) we can write the likelihood as
L(θ) = P (x1, x2, . . . , xn|θ) = P (x1|θ)P (x2|θ) · · ·P (xn|θ) =
n∏
i=1
f(xi|θ) (5.19)
The likelihood and χ2 are related if, for a set of n independent measurements yi at
a known xi, yi is assumed to be Gaussian distributed with mean µ(xi; θ) and known
variance σ2i . The likelihood is
L(θ) =
n∏
i=1
1√
2piσ2i
exp(−(yi − µ(xi; θ))2/(2σ2))
− ln(L(θ)) =
n∑
i=1
(yi − µ(xi; θ))2
2σ2i
+ constant (5.20)
χ2(θ) = −2 lnL(θ) + constant
The data will be best described by a hypothesis when the parameters θˆ maximize
the likelihood function. Equivalently, the maximum likelihood estimators can also be
determined by minimizing lnL(θ) which can be found by solving
∂ lnL
∂θi
= 0, i = 1, . . . , N (5.21)
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where N is the number of parameters in θ. In practice, the maximum likelihood
estimators are found numerically.
A minimization routine used in this analysis and more broadly in high energy
physics is called MINUIT [45].
In a fitting procedure algorithms are used to estimate the parameters θˆ that best
describe the data. These estimators maximize the likelihood function.
The number of n independent measurements in the expressions above are assumed
to be fixed. To incorporate a case where n is itself dependent on the parameters of
the hypothesis θ we need to augment the likelihood function. This is known as the
extended likelihood. If n follows a Poisson distribution the likelihood becomes
L(θ) =
µn
n!
e−µ
n∏
i=1
f(xi; θ) (5.22)
The number of outcomes for a given p.d.f f(xi; θ) can be varied to maximize the
likelihood function
5.5 Hypothesis test
A hypothesis attempts to model a given set of data in terms of a set of parameters.
This model based understanding of data is particularly important in high energy
physics since the data is describing some physical process. For instance, the model
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to explain the recoil-mass distribution of the transition photon for an ηc(1S) decay
channel in this analysis might, in addition to the parameters that describe the back-
grounds, also include parameters to describe the ηc(1S) signal. The data can then be
fit with two hypothesis and their likelihoods compared, namely: a background only
hypothesis denoted HB; a signal plus background hypothesis denoted HS+B. The
maximum probability to reject HB if HS+B is true can be determined by defining a
test statistic λ(x) defined as
λ(x) =
f(x|HS+B)
f(x|HB) =
L(θS+B|x)
L(θBx)
(5.23)
where f(x|H) is the probability density function with hypothesis H fit to data x.
The pdf can be replaced with the appropriate likelihood functions of parameters θ
given the data x. If certain general conditions are satisfied then Wilks’ theorem states
−2lnλ approaches a χ2 distribution in the limit of large data samples. If the difference
in the number of degrees of freedom between HS+B and HB is ∆(HS+B − HB) = 1
then the significance is simply
√−2 lnλ.
5.6 Upper limits
A model may have many free-floating parameters that are varied to maximize the
likelihood. A profile of the likelihood for a single free parameter can be mapped by
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fixing all other parameters to their best value. The likelihood profile of the e+e− →
γηc(1S) cross section at E = 4.26 GeV in Figure 5.1 (left) shows a sharp distribution
peaked at the nominal cross section measurement. The value of the cross section that
encompasses 90% of the distributions area defines the upper limit of the measurement
to 90% confidence. This profile of the likelihood is probing the statistical uncertainty
of the measurement. To incorporate the systematic uncertainty into our upper limit
we assume the systematic error is normally distributed about 0 with a width equal to
the systematic error in picobarns (σsyst.) which will be denoted N (0, σsyst.;x), where
x is in picobarns. We can then convolve the profile likelihood of the cross section with
N (0, σsyst.;x) and integrate the distribution to 90% of the area. To be conservative
in our estimate we integrate the likelihood distribution starting at 0 given by the
following:
0.9 =
∫ x
0
L(u)⊕N (0, σsyst.;u)du∫∞
0
L(u)⊕N (0, σsyst.;u)du
(5.24)
where x is the upper limit cross section to 90% confidence.
5.7 Summary
In this chapter we motivate the use of probability and statistics in high energy physics.
We discuss specific probability distributions often encountered by practitioners of
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Figure 5.1: The cumulative likelihood as a function of sig-
nal yield, in pb, when fixing all other fit parame-
ters. The fit combines all energies and assumes a
Breit-Wigner Y(4260) lineshape. The 90% confi-
dence line which does include the systematic un-
certainty is overlaid.
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statistics. In addition, we discuss advanced topics such as the figure of merit, kine-
matic fitting, maximum likelihood estimation, hypothesis testing, and the upper limit.
These topics are motivated by their use in this analysis. The figure of merit and kine-
matic fit are both used in this analysis to best select final states consistent with
decaying from an ηc(1S), see Chapter 7. In Chapter 8 we will fit distributions of the
transition photon recoil-mass by maximizing the likelihood of the fit. In this way we
can extract a Born cross section for the process e+e− → γηc(1S). An upper limit is
then extracted using the technique described in section 5.6. The significance of the
e+e− → γηc(1S) is also determined by fitting distributions of the transition photon
recoil-mass with and without an ηc(1S) signal. By comparing their likelihoods we
can use Wilks Theorem to calculate the e+e− → γηc(1S) significance.
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Chapter 6
Measuring e+e− cross section
The strong, weak, and electromagnetic interactions can all be studied by annihilating
e+e− beams. Unlike colliding hadronic beams, a particle created from e+e− anni-
hilation has well constrained JPC quantum numbers of 1−−. The probability that
the e+e− beams annihilate and produce a resonance X is known as the cross sec-
tion. In this chapter we introduce measurements of σ(e+e− → X), where σ is the
cross section to produce a resonance X. This chapter first introduces the concept
of a resonance and how to theoretically derive an interaction cross section. The last
sections introduce experimental techniques to measure a cross section. We motivate
these techniques around the study of the Y(4260).
6.1 Theoretical cross section
A particle decaying via the strong interaction has a lifetime of about 10−23 s and,
therefore, does not live long enough to be measured in a detector. Instead, this type
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of particle, also known as a resonance, is identified by tracking its decay products.
The total momentum and energy of the daughter particles make up the resonance
mass. Due to the short lifetime of a resonance the mass uncertainty of about h/∆t
is measurable at detectors like BESIII. The decay of such an unstable resonance
proceeds according to an exponential law
|ψ(t)|2 = |ψ(0)|2 exp(−Γt) (6.1)
where the lifetime of the state is τ = ~/Γ. We can thus write the time dependence of
ψ(t) as
ψ(t) ∼ exp(−iMt) exp(−Γt/2) (6.2)
where M is the rest mass of the state. Applying a Fourier Transform transforms the
wave function to the energy domain
χ(E) =
∫
ψ(t) exp(iEt)dt (6.3)
∼ 1
E −M + (iΓ/2) (6.4)
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The probability of forming a resonance is proportional to χ(E)χ(E)∗. We can write
the cross section of such a resonances then as
σ(E) = σmax
Γ2/4
(E −M)2 + (Γ/2)2 (6.5)
Eqn 6.5 is also known as the non-relativistic Breit-Wigner form of a resonance [41]
of mass M and full width at half maximum Γ. In Lorentz invariant relativistic form
the interaction cross section can be written as [58]
σ(s) = σmax
M2Γ2
(s−M2)2 + Γ2M2 (6.6)
where s is the center of mass energy squared. The general form of σmax for resonances
produced by the interaction of two incident particles is
σmax =
2J + 1
(2S1 + 1)(2S2 + 1)
4pi
k2
BinBout (6.7)
where J is the total angular momentum of the resonance, (2S1 + 1) and (2S2 + 1)
are the number of polarization states of the incident particles, k is the center of
mass momentum of the resonance, Bin = Γin/Γ is the branching fraction of the
incident particles into the resonance and Bout = Γout/Γ is the branching fraction
of the resonance into the final state channel. For resonances produced from e+e−
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incident particles the Lorentz invariant cross section simplifies to
σ(s) =
12piΓeeΓf
(s−M2)2 + Γ2M2 (6.8)
where Γee is the partial width of forming the resonance from e
+e− or, equivalently,
the decay of the resonance into the e+e− decay channel and Γf is the partial width
in the final state channel. A detailed analysis of a resonance should also account for
resonance production and decay near thresholds that inhibit the phase space.
2.11 Decays and resonances 57 
CT 1.0 
CTmax 
0.5 
Fig. 2.10. Shape of the Breit-Wigner resonance curve. The width of the curve at CT / CTmax = 
0.5 is r. 
The value of the peak cross-section CTmax in (2.28) can be found using arguments 
from wave optics. First, the plane wave describing the incident particles of 
momentum p is a superposition of waves of different angular momentum I with 
respect to the scattering centre, where Iii = pb and b is the 'impact parameter'. 
Particles of angular momentum in the range I -+ I + 1 therefore impinge on an 
annular ring of cross-sectional area 
(2.29) 
where = iii p. If the scattering centre is totally absorbing, CT = CTr is 
the absorption or reaction cross-section (for the Ith partial wave). The elastic 
cross-section in this case is also CTel = CTr , and corresponds to the elastically 
diffracted beam from the absorbing obstacle. The other extreme case is that of pure 
scattering without absorption but simply with a phase shift. The maximum effect 
is for a phase shift of 7r, which clearly leads to a scattered amplitude just twice that 
for total absorption (again for the Ith partial wave), and hence a cross-section 
(2.30) 
Here, is the wavelength of the scattered and scattering particles in their common 
centre-of-momentum frame, and Iii the angular momentum of these particles with 
respect to each other (see also Problem 2.7). 
So far, we have not considered particle spin. The appropriate spin multiplicity 
factors were given in the previous section. Putting all these things together, we 
finally get for the complete Breit-Wigner formula, 
(2.31) 
Figure 6.1: From [58], the Breit-Wigner resonance centered at the
energy of the resonance ER (= M).
Due t the quantum mechanical ature of resonances, they may interfere coher-
ently or incoherently. A coherent sum involves the mixing of two or more resonances
which make for a more involved energy-dependent cross section lineshape han just
the single Breit-Wigner form. In the case of the Y(4260) parameterization by the
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Belle experiment, its decay to pi+pi−J/ψ is described by the interference of a Y(4008)
in addition to a Y(4260) resonance. This coherent sum is incoherently summed with
a third resonance for ψ′(3686) which strongly decays into pi+pi−J/ψ. The resulting
energy-dependent cross section is denoted in this analyis as σBELLE. The form and
parameters of σBELLE are given in Equation 6.9 and Figure 6.2, respectively
σBELLE ∝ |BW (Mψ(3686),Γψ(3686))|2 + |BW (M1,Γ1) +BW (M2,Γ2)|2 (6.9)
where BW is of Lorentz invariant form Eqn 6.6.
TABLE I: Results of the fits to the π+π−J/ψ mass spectrum with two coherent resonances. M(Ri),
Γtot(Ri) and ΓeeB(Ri → π+π−J/ψ), i = 1, 2 represent the mass (in MeV/c2), total width (in MeV/c2)
and product of the branching ratio for the decay into π+π−J/ψ and the e+e− partial width (in eV/c2)
for the two resonances, respecti ely. The parameter φ (in degrees) is the relative phase between the two
resonances. The first and second errors are statistical and systematic, respectively.
Parameters Solution I Solution II
M(R1) 3890.8 ± 40.5 ± 11.5
Γtot(R1) 254.5 ± 39.5 ± 13.6
ΓeeB(R1 → π+π−J/ψ) (3.8± 0.6 ± 0.4) (8.4± 1.2 ± 1.1)
M(R2) 4258.6 ± 8.3± 12.1
Γtot(R2) 134.1 ± 16.4 ± 5.5
ΓeeB(R2 → π+π−J/ψ) (6.4± 0.8 ± 0.6) (20.5 ± 1.4± 2.0)
φ 59± 17± 11 −116± 6± 11
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FIG. 2: Dalitz plot for Y (4260) → π+π−J/ψ decays for 4.15 GeV/c2 < M(π+π−J/ψ) < 4.45 GeV/c2.
The inset shows background events from the J/ψ-mass sidebands (not normalized).
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FIG. 3: Invariant mass distributions of (a) π+π−, (b) π+J/ψ and (c) π−J/ψ for events in the Y (4260)
signal region. Points with error bars represent data, shaded histograms are normalized background esti-
mates from the J/ψ-mass sidebands, solid histograms represent MC simulations of π+π− amplitudes [21]
(normalized J/ψ-mass sideband events added) and dashed histograms are MC simulation results for a
Z(3900)± signal
.
7
Figure 6.2: From [50], the fit from Belle of the pi+pi−J/ψ mass
spectrum with two coherent resonances.
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6.2 Experimental cross section
An experiment like BESIII is designed to reconstruct charged and neutral particles in
discrete time slices known as an event. The total number of events (N) for a specific
process to be reconstructed is proportional to the cross section (σ) and luminosity
(L). In an experiment the quantity measured is the visible cross section or
σvis =
N
L
. (6.10)
In every e+e− collision there is some probability one or several photons are spon-
taneously radiated just before annihilation which is known as initial state radiation
(ISR). The lower the center-of-mass energy caused by the radiated photons make the
visible cross section dependent on the Born cross section at all energies below the
nominal e+e− center-of-mass energy 2E0. The ISR correction factor 1 + δisr is used
correct the visible cross section, more on these calculations is presented in the next
section 6.2.1. The reconstruction efficiency is estimated with signal MC, which mod-
els the production and decay processes. If the decay involves intermediate states such
as an η, pi0, or KS then the branching fraction of those decays must also be accounted
for. The Born cross section from e+e− annihilation is
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σ =
Nsig −Nbg
L(1 + δisr)(1 + δvac)
∑
i Bi
(6.11)
where Nsig, Nbg are the number of reconstructed signal and background events, re-
spectively; L is the integrated luminosity;  is the reconstruction efficiency; (1 + δisr)
is the ISR correction factor; (1 + δvac) is the vacuum polarization;
∑
i Bi is the sum of
branching fractions to account for sequential decays. The vacuum polarization term
is the effective screening induced by the vacuum induced by the electron and positron
charge. Table 6.1 lists the vacuum polarization calculated at center of mass energies
between 4.0-4.6 GeV [15] and is independent of final state reaction of the e+e− beams.
The production mechanism is especially important in e+e− experiments since energy
dependent initial state radiation (ISR) effects are expected. We will use the Y(4260)
to illustrate the techniques for measuring e+e− cross sections at charmonium energies
at B-factories and at BESIII.
√
s(GeV) 4.090 4.190 4.210 4.220 4.230 4.245 4.260 4.310 4.360 4.390 4.420 4.470 4.530 4.600
1 + δvac 1.052 1.056 1.057 1.057 1.056 1.056 1.054 1.052 1.051 1.051 1.053 1.055 1.055 1.055
Table 6.1: Calculation of the vacuum polarization based on Fred
Jegerlehner’s alphaQED.
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6.2.1 via initial state radiation
A B-factory is an e+e− accelerator facility designed to collide beams above 10 GeV,
the threshold for bb¯ quarkonium. The only planned B-factory experiment is Belle II,
located in Tsukuba, Japan, which is an upgrade to their earlier Belle experiment where
the Y (4260) and Y (4360) states were confirmed. Another B-factory experiment,
BaBar, was operational until 2008 but is still actively analyzing data. BaBar was
located at the Stanford Linear Accelerator Collider (SLAC), where the J/ψ and the
ψ′(3686) were discovered. B-factories are designed with high luminosity and excellent
particle identification systems and have demonstrated the ability to select ISR events
where the electron or positron beam emit a photon and collide at lower center of mass
energy. One benefit of this ISR tagging technique is the study of resonances below
the design energies. In studies of e+e−(γISR) → pipiJ/ψ at center of mass energies
near 4.26 GeV the Y(4260) was discovered at BaBar and confirmed by Belle using
this ISR tagging technique.
In the ISR process, e+e−(γisr) → X, the energy radiated by the photon (Eγ)
results in a hadronic system with invariant mass m =
√
s(1− x), where √s is the
e+e− center of mass and x = 2Eγ/
√
s [36]. The mass spectrum of such an ISR process
is related to the e+e− → X cross section by
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d2σ(e+e−(γisr)→ X)
dxd cos θγ
= W (s, x, θγ)σ(m) (6.12)
where W is the well-known radiator function which describes the ISR energy and an-
gular distribution [37]. The distribution of ISR photons is peaked along the direction
of the e+e− beam.
The fit to the pipiJ/ψ final state in the Belle data is shown in Figure 6.3 (a). The
data was fit according to Eqn 6.9. The resulting energy-dependent cross section is
shown in Figure 6.3 (b).
three times as wide as the signal region.
Figure 1(a) shows the π+π−ℓ+ℓ− invariant mass [14] distributions after all of these selection
requirements are applied. Also shown in this figure are the background estimates evaluated using
the normalized J/ψ-mass sidebands. Two enhancements — the Y (4008) and the Y (4260) —
above 3.8 GeV/c2 are observed, consistent with the results of Ref. [8] but in disagreement with
those of Ref. [9]. Other possible background sources not included in the sidebands are found to
be small from MC simulation [7]; these include (1) π+π−J/ψ with J/ψ decays into final states
other than lept n pairs and (2)XJ/ψ, withX not being a π+π− pair, such as K+K− or π+π−π0.
Non-ISR production of e+e− → π+π−J/ψ final states, such as e+e− → γγ∗γ∗ → γρ0J/ψ, is also
estimated to be small [15]. Figure 1(b) shows the measured cross sections for e+e− → π+π−J/ψ,
where the error bars are statistical only.
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FIG. 1: (a) Invariant mass distributions of π+π−ℓ+ℓ−. Points with error bars are data, and the shaded
histograms are the normalized J/ψ mass sidebands. The solid curves show the total best fit with two
coherent resonances and contribution from background. The dashed curves are for solution I, while the dot-
dashed curves are for solution II. The inset shows the distributions on a logarithmic vertical scale. The large
peak around 3.686 GeV/c2 is the ψ(2S) → π+π−J/ψ signal. (b) Cross section of e+e− → π+π−J/ψ
after background subtraction. The errors are statistical only.
Systematic uncertainties of the cross section measurement are found to be 7.9% and 7.3% for
the e+e− and µ+µ− modes, respectively. The particle identification (PID) uncertainties, measured
from pure ψ(2S) events in the same data sample, are 4.7% and 3.6% for the e+e− and µ+µ−
modes, respectively. Tracking efficiency uncertainties are estimated to be 3.3% for both e+e− and
µ+µ− modes in the momentum and angular regions of interest for signal events. The uncertainties
associated with the choice of the J/ψ mass window and |M2rec| requirements are also estimated
using pure ψ(2S) events. It is found that MC efficiencies are higher than data by (4.5 ± 0.4)% in
the e+e− mode and (4.1± 0.2)% in the µ+µ− mode. The differences in efficiencies are corrected
and the uncertainties in the correction factors are incorporated into the systematic errors. Overall,
together with the |M2rec| requirements, these uncertainties contribute 0.6% for the e+e− mode and
0.3% for the µ+µ−mode within the J/ψmass window. Belle measures luminosity with a precision
of 1.4% using wide-angle Bhabha events. The PHOKHARA generator calculates ISR with 0.1%
accuracy [12]. The dominant uncertainties due to the MC generator are from three-body decay
dynamics. MC simulation with modified π+π− invariant mass distributions weighted according to
data distributions yields a 2% to 5% efficiency difference compared with a phase space π+π− mass
spectrummodel. Thus, we conservatively use 5% as the systematic error due to the approximations
5
Figure 6.3: From [50], the invariant mass of pi+pi−J/ψ between
3.8-5.6 GeV measured by the Belle Collaboration. (a)
The solid curve how the best t tal fit to the mass
spectrum. The dotted lines represent the two equiv-
alent solutions to the fit. (b) The cross section of
e+e− → pi+pi−J/ψ after background subtraction.
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6.2.2 via direct processes
To calculate a cross section from direct e+e− annihilation we must adjust the mea-
surement to account for vacuum polarization and initial state radiation effects. The
only e+e− facility capable of directly producing charmonium-like vector states is BE-
SIII. The XYZ program at BESIII includes six high-integrated luminosity and over
forty low-integrated luminosity data sets at energies between 4.0-4.6 GeV. Just as at
B-factories, ISR collisions of e+e− beams also occur which will impact the reconstruc-
tion efficiency. This process can be calculated to separate the intended process where
e+e− annihilate into a resonance from processes where either e+e− beam radiates a
photon just before colliding. The angular distribution of the radiative photon can be
integrated out in Eqn 6.12 to yield a radiator function only dependent on the center
of mass energy squared (s) and the fractional energy carried by the ISR photon x to
yield W (s, x). If we fix s then the number of events given a cross section σ, efficiency
, and luminosity L which incorporates the radiator function is given by
N = L
∫ 1
0
σ(x)(x)W (x)dx (6.13)
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where x = 2Eγ/
√
s. From the definition of N , the number of events, given in Eqn 6.13
we can define the reconstruction efficiency as
 =
NREC
NGEN
=
LMC
∫ 1
0
σ(x)(x)W (x)dx
LMC
∫ 1
0
σ(x)W (x)dx
(6.14)
An ISR correction factor (1+δisr) accounts for the impact of ISR. The ISR correction
factor is concerned with the shape of the ISR process and not the absolute magnitude.
This is expressed in Equation 6.15 below
1 + δisr =
∫ 1
0
σ(x)
σ0
W (s, x)dx (6.15)
where the angular distribution of the radiative photon is incorporated into the radiator
function (W (s, x)), σ(x) is the assumed energy-dependent cross section, and σ0 is the
cross section at a fixed energy. The ISR correction factor for a given assumed lineshape
is independent of the specific decay channel.
The reconstruction efficiency  in Eqn 6.14 and the ISR correction factor 1 + δisr
can all be modeled in KKMC. KKMC offers a simple interface for uploading custom
energy dependent lineshape assumptions to model the ISR with.
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Chapter 7
Analysis of e+e− → γηc(1S)
In this dissertation we measure the Born cross section for the process e+e− → γηc(1S)
by reconstructing the transition photon and ηc(1S) in twelve decay channels. The
branching fractions for each of these ηc(1S) decay channels are shown in Table 7.1.
ηc(1S)→ 2(pi+pi−pi0) pi+pi−pi0pi0 2(pi+pi−pi+pi−)η
Branching Fraction (%) 17.23 ± 1.70 ± 2.29 4.66 ± 0.50 ± 0.76 4.40 ± 0.86 ± 0.85
ηc(1S)→ K+K−pi+pi−pi0 3(pi+pi−) 2(pi+pi−)
Branching Fraction (%) 3.50 ± 0.60 2.02 ± 0.36 ± 0.36 1.72 ± 0.19 ± 0.25
ηc(1S)→ pi+pi−η K−±KSpi∓pi+pi− K±KSpi∓
Branching Fraction (%) 1.66 ± 0.34 ± 0.26 2.75 ± 0.51 ± 0.47 2.60 ± 0.29 ± 0.34
ηc(1S)→ K+K−pi0 pi+pi−K+K− 2(pi+pi−)K+K−
Branching Fraction (%) 1.04 ± 0.17 ± 0.11 0.95 ± 0.17 ± 0.13 0.83 ± 0.39 ± 0.15
Table 7.1: The twelve ηc(1S) decay channels reconstructed in this
analysis. The branching fractions include their sta-
tistical and systematic error, if known. The channel
ηc(1S) → is taken from its world average branching
fraction and statistical error from the PDF [56]. In all
other decay channels we use the BESIII measurements
in Ref. [10] with their systematical error also included.
The size of the ηc(1S) is determined by studying distributions of the recoil-mass
of the transition photon. For a transition photon of energy Eγ and momentum of ~Pγ
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the recoil-mass of the transition photon, RM(γ), is expressed below
RM(γ) = (
√
s− Eγ)2 − (
√
s sin(θ)− Pγ,x)2 − P 2γ,y − P 2γ,z (7.1)
where
√
s is the center of mass energy and θ is the e+e− beam crossing angle. The
coordinate system of the reconstructed particle momentum and positions is centered
at the interaction point with the x-axis (y-axis) aligned in the horizontal (vertical)
direction. An example distribution of the recoil-mass of the transition photon us-
ing MC which models the decay ηc(1S) → 2(pi+pi−pi0) is shown in the left plot of
Figure 7.1. How signal MC is generated will be discussed in section 7.1.1.
If we plot the recoil-mass of the transition photon in data for the ηc(1S) →
2(pi+pi−pi0) channel and blind the ηc(1S) mass region we get the right plot of Fig-
ure 7.1. Evident in this figure is a prominent distribution that peaks at 3.1 GeV, due
to initial state radiation (ISR) background from the process e+e−(γisr) → J/ψ, on
top of a smooth distribution explained by the continuum process e+e− → qq¯. The
generation of the MC that models these backgrounds will be discussed in this chapter.
In section 7.1.2 background MC is generated that models the continuum, QED, and
open charm processes. In section 7.1.3 we discuss the generation of the J/ψ ISR MC.
The event selections used to produce Figure 7.1 are discussed in sections 7.2.1
and 7.2.2. As a final data processing step we select only one combination of a can-
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Figure 7.1: The distribution of the recoil-mass of the transition
photon for the channel ηc(1S) → 2(pi+pi−pi0). (Left)
The sideband (between the red lines) and signal (be-
tween the blue lines) regions used in figure-of-merit
calculation. (Right) The data (in points) is superim-
posed on the MC after event selections and removal of
multiple counting.
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didate final states in every event, thus removing multiple counting. The method for
selecting the best combination is discussed in section 7.2.3. In section 7.2.4 the recoil-
mass of the transition photon in MC and data for each ηc(1S) decay channel after
event selection and removal of multiple counting is presented. To prevent bias in our
measurement the data is blinded in the signal region.
Once we have our event selections and have a procedure in place for removing
multiple counted events we can then learn from MC. If are interested in the com-
ponents necessary to make the σE(e
+e− → γηc(1S)) measurement we can use signal
MC to learn the reconstructions efficiency and the mass resolution of the ηc(1S) from
detector effects (7.3.1). In addition, with signal MC we study the contamination from
reconstructing cross feed ηc(1S) decay channels (7.3.2).
In section 7.4 the following J/ψ ISR processes are studied: J/ψ → Xi and
J/ψ → γηc(1S), ηc(1S)→ Xi where Xi is an ηc(1S) decay channel from Table 7.1. In
section 7.4.1 the shape of the J/ψ → Xi is studied with MC and used to fix the shape
of the J/ψ component of the fit discussed in the next chapter. In section 7.4.2 the
size of the e+e−(γisr) → J/ψ background is measured and compared to theoretical
calculations as a test of our fitting procedure. In section 7.4.3 the contamination of
peaking background from J/ψ → γηc(1S) is estimated.
In the next next chapter we will present the e+e− → γηc(1S) Born cross section
measurement.
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7.1 MC samples
Just as the decay of a resonance is a probabilistic process, so is the generation of toy
data commonly known as MC. The details of the MC generators used at BESIII were
presented in Chapter 4. In this section we present an overview of the types and sizes
of MC samples generated for this analysis.
7.1.1 Signal MC
Signal MC is generated with KKMC to describe the signal process e+e− → γηc(1S)
including any intermediate states such as decays of pi0, η, or KS. In generating these
MC samples we do not assume any substructure in ηc(1S) decays. For instance, the
decay ηc(1S) → K+K−η and ηc(1S) → f ′2η, f ′2 → K+K− yield the same final state,
but we do not account for the latter possibility. Instead we estimate the size of this
effect and include a systematic error for it in the Born cross section measurement, see
Chapter 9.3. The KKMC event generator is responsible for modeling the physics of
the e+e− beam just before annihilation including any ISR process. The ISR processes
studied in this analysis are the same as the assumed energy-dependent cross section
used to combine data at all energies, see Chapter 8. The ISR process are: σFLAT,
σBELLE, σY(4260), and σY(4360). In addition, we also generate MC assuming there is
no ISR. The total number of ηc(1S) generated was 1 × 106 for each ISR and energy
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combination.
The mass resolution measured by our detector will smear out the true width of any
resonance. This is due to errors in measurements of a particles position, momentum,
or energy. To determine the shape of the detector resolution we set the ηc(1S) full
width to zero and generate 1× 106 signal MC for every ISR and energy combination.
When we reconstruct the final states and plot distributions of the recoil-mass of the
transition photon any width at the ηc(1S) mass is due to effects of the detector.
7.1.2 Background MC
While any decay reconstructed in e+e− → γηc(1S) is background, we will make a dis-
tinction between those background that come from the ISR process e+e−(γisr)→ J/ψ
and all other backgrounds. This section is concerned with the latter or background
processes from continuum (e+e− → qq¯), QED (e+e− → l+l−), and open charm
(e+e− → DD¯) processes. The continuum background is the result of the qq¯ pairs
pulling apart and beginning the hadronization process. The fragmentation of qq¯ into
pions, kaons, and other light mesons form a substantial background in many of this
analysis’s final state channels.
The cross section for these backgrounds drops with increasing center-of-mass en-
ergy according to 1/s, where s is the center-of-mass energy squared. This allows
us to optimize our event selections at 4.01 GeV and apply those same selections to
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data collected at higher center-of-mass energies. The theoretical cross section for the
continuum and QED process are shown in the third column of Figure 7.2. The last
column shows the number of events generated for each process. The equivalent lu-
minosity for each process, except e+e− → e+e−, is 479 pb−1. The background from
Bhabha scattering is very large so only a 23 pb−1 equivalent luminosity is generated
for it.
2014-1-1 3 
¾ Physics requirement 
1. Size of MC sample 
    equivalence of integral luminosity ³L=478fb-1 
2. Physics processes (cross section @4.01 GeV) 
Name Process Xsection(nb) Events ( Generator) 
QED  e+e- e+e- 428 10106(Bhwide) 
           P+ P - 7.0 3.3 106(KKMC) 
          W+ W - 3.3 1.6 106(KKMC) 
           gg 19.5 9.3106(Babayaga) 
           qqbar 13.8 6.6106(KKMC) 
Figure 7.2: The rates of the generated background processes at
4.01 GeV with an equivalent integrated luminosity of
478 pb−1.
7.1.3 J/ψ ISR MC
Another background process which is further studied at the end of this chapter comes
from ISR e+e− collisions which produce a J/ψ. Two possible types of J/ψ decays are
important for this analysis since they could either contaminate the signal or show up
as a large peak about 100 MeV away from the ηc(1S) in recoil mass distributions of
the transition photon. A total of 1 × 106 J/ψ events are generated for the two J/ψ
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decay types and at each energy.
In distributions of the transition photon recoil mass in data a clear J/ψ peak is
observed in most of the candidate ηc(1S) final states analyzed due to the process
e+e−(γisr)→ J/ψ, J/ψ → Xi, where Xi is a decay channel of ηc(1S). The MC gener-
ated to study this process plays a role in describing the shape of the J/ψ distribution,
which ultimately reduces the number of free parameters in our fit. In addition, we
use the reconstruction efficiency estimated with this MC to simultaneously measure
the e+e− → γηc(1S) and e+e−(γisr) → J/ψ cross section from data. Since this ISR
process can be calculated to good precision we can compare it to the experimental
cross section and validate our fitting technique, see section 7.4.1.
The background that contaminates the ηc(1S) signal is generated by the follow-
ing process, e+e−(γisr) → J/ψ, J/ψ → γηc(1S), ηc(1S) → Xi, where Xi is a decay
channel of ηc(1S). The KKMC event generator is used to estimate the size of this
contamination, which we found to be negligible, see section 7.4.3.
7.2 Event Selection
The event selection procedure is presented in two stages: a stage with loose constraints
on PID and kinematic fitting which represent the standard event selection criterium
used in many analyses and a stage that uses the sidebands in data and MC to estimate
the backgrounds in the signal region which attempt to optimize the event selections.
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The cross sections for continuum and QED background are expected to decrease
at higher center-of-mass energies according to 1/
√
s. We, therefore, assume event
selections optimized at 4.01 GeV to hold for all energies up to 4.60 GeV.
7.2.1 Standard
The MDC cannot measure tracks in the beam pipe which excludes 7% of the detector
volume. Charged pions and kaons are reconstructed in regions where their angles
with respect to the beam direction, θ, must satisfy | cos θ| < 0.93. Except for pions
originating from KS decays, all charged tracks are further required to pass within
10 cm of the interaction point along the beam direction and within 1 cm in a plane
perpendicular to the beam.
Pions and kaons are separated using a combination of ionization energy loss in the
MDC and timing information from the TOF. For each reconstructed track, particle
identification probabilities Ppi and PK are calculated based on pion and kaon hypothe-
ses, respectively. For pions, we require Ppi > 10
−5; for kaons, we require PK > 10−5.
At this stage of the event selection we do not include any additional track hypothesis
requirements, however, requiring PK > Ppi is used to reduce combinatoric background,
see Section 7.3.
The pi+pi− candidate daughter particles of the KS must come from a common
space point which forms a secondary vertex with respect to the interaction point. A
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KS candidate is selected if the invariant mass of pi
+pi− pairs at the secondary vertex
satisfy 471 < M(pi+pi−) < 524 MeV/c2.
The gaps between the barrel and end cap regions of the BESIII detector, to
make room for piping and cables, imposes fiducial constraints on where a particle
can be reconstructed in the TOF and EMC. Photons are reconstructed in the EMC
by clustering energies deposited in individual crystals. Energy clusters in the barrel
region (| cos θ| < 0.8) must be greater than 25 MeV and they must be greater than 50
MeV in the end cap region (0.86 < | cos θ| < 0.92). Timing from the EMC is used to
reduce electronic noise and background from unrelated events.
We form pi0 and η candidates using combinations of two photons whose invariant
mass satisfy 107 < M(γγ) < 163 MeV/c2 for the pi0 and 400 < M(γγ) < 700 MeV/c2
for the η.
Table 7.2 summarizes the standard event selection criterium.
7.2.2 Optimized
From the initial lists of γ, pi±, K±, pi0, η, and KS, we form all possible combinations
of γXi for each i. We perform a kinematic fit for each of these combinations to the
initial four-momentum of the center-of-mass system (4C) and add one constraint (1C)
for the mass of every pi0, η, and KS candidate. We require that the resulting χ
2/dof
be less than a value optimized separately for each Xi. The candidate transition
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Cut Value
Track Selection Prob(e±, µ±, pi±, K±) > 10−5
Track corrections have also been applied
Photon Selection E > 25 MeV (barrel)
E > 50 MeV (end cap)
0 < TDC < 14
pi0/η, Selection For pi0: 0.107 < mass(γγ) < 0.163 GeV/c2
For η: 0.400 < mass(γγ) < 0.700 GeV/c2
γγ events constrained to pi0/η mass (1C)
χ2pi0,η < 2500
KS Selection 0.471 < mass(pi
+pi−) < 0.524 GeV/c2
pi+pi− events constrained to KS mass and fit to displaced vertex (1C)
χ2 < 100
Table 7.2: The event selections applied to every reconstructed
channel of ηc(1S).
photon is paired with all other energy clusters in an event; candidates that form
a pair consistent with originating from a pi0 are rejected. The candidate transition
photon in the γpi+pi−η channel is isolated from clusters formed by charged tracks by
requiring their angle of separation be greater than 17.5◦. To avoid multiple counting,
we only use the combination with the best χ2/dof, see Section 7.3.
The optimization procedure is applied to those selection criterium which offer
the greatest discrimination of signal from background. The strength of an event
selection is varied to search for the maximum combination of Ns/(Ns +Nb) or figure
of merit, where Ns is the number of signal and Nb is the number of background.
Signal is studied with MC that models the production and sequential decay process
of γηc(1S). Reconstructed events that fall within a mass region, in distributions of the
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recoil-mass of the transition photon, centered around the ηc(1S) mass and a window
±2Γ are counted as Ns. To avoid relying on MC to correctly model the background
process we also include data in our study of the background.
We know of the large ISR background due to e+e−(γISR)→ J/ψ but this can be
modeled with MC and accounted for. For this reason we don’t want to include ISR as
a background for the figure of merit. To avoid ISR we select asymmetric sidebands.
The number of background in the signal region (Nb) is related to events fall in either
the low or high mass sideband regions. The signal and sideband regions are defined
below
Signal region: |γrecoil mass −massηc(1S)| < 2× Γ(ηc(1S))
Low Mass Sideband: −450MeV < γrecoil mass −massηc(1S) < −100MeV
High Mass Sideband: 200MeV < γrecoil mass −massηc(1S) < 450MeV
The number of background in the signal region is estimated from sidebands as
Nb =
LS
2
(
Nl
Ll
+
Nh
Lh
) (7.2)
where LS is the signal mass region, Ll (Lh) is the low (high) mass sideband window
and Nl (Nh) is the number of background events that in the low (high) mass sideband
window.
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The reaction e+e− → γηc(1S) has not been measured before this analysis, there-
fore, we study the figure of merit for a 1 and 10 pb assumed Born cross section. This
yields four ways to combine the signal and background to calculate a figure of merit.
The final event selection is averaged from these four combinations.
The various background processes are modeled in MC at 4.01 GeV with an equiv-
alent integrated luminosity of 478 fb−1. This is on par with the data collected around
4.01 GeV.
We illustrate in Figures 7.3 and 7.4 the optimization process for two typical decays
of ηc(1S). One is γpi
+pi+pi−pi−pi0pi0 which involves only final state pions and the other,
γK−KSpi+, involves a mix of kaons and pions.
The figure of merit for varying the χ2/d.o.f for the γpi+pi+pi−pi−pi0pi0 final state is
shown in Figure 7.3 (a). The best χ2/d.o.f is the average of the maximum figure of
merit for each background and signal combination.
A common background in final states with a pi0 is when a candidate transition
photon is mistaken for a daughter photon of a pi0 candidate. To remove these back-
grounds we pair the transition photon with all other energy clusters in an event.
Candidates that form a pair consistent with originating from a pi0 are rejected, see
Figure 7.3 (b).
Charged particles can also deposit energy into the EMC and be mistaken as a
photon. The figure of merit calculated as a function of separation angle between
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charged tracks and candidate transition photon clusters is shown in Figure 7.3 (c).
The final state γpi+pi−η is the only channel that benefits from this selection. The
angle of separation is required to be greater than 17.5◦, see Appendix B.
We also investigate selecting KS candidates based on the distance of the KS vertex
with respect to the interaction point. As shown in Figure 7.4 (d), their is no indication
that requiring a constraint on the KS decay length over error significantly improves
the signal yield.
The flow of the optimization procedure is in order from most to least significant
event selection. This is presented from left to right in Figure 7.3 and 7.4. Appendix B
shows optimization flow for each final state and the final event selection from the
optimization routine.
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Figure 7.3: The ηc(1S) → pi+pi−pi+pi−pi0pi0 figure of merit for dif-
ferent event selections. (a) Figure-of-merit of the kine-
matic fit, (b) Figure-of-merit of angle between shower
and closest charged track, (c) Figure-of-merit of reject-
ing the pi0 candidates formed with a transition photon.
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Figure 7.4: The ηc(1S) → K+KSpi− figure of merit for differ-
ent event selections. (a) Figure-of-merit of the kine-
matic fit, (b) Figure-of-merit of the KS decay length
divided by its error , (c) Figure-of-merit of angle be-
tween shower and closest charged track , (d) Figure-
of-merit of rejecting the pi0 candidates formed with a
transition photon.
The final selection criterium for each final state is shown in Table 7.3.
7.2.3 Multiple counting
The list of candidate final state particles can be combined to form a specific inter-
mediate state. We consider all combinations while avoiding double counting. The
last data processing step in this analysis involves selecting the best combination as
determined by it kinematic χ2/d.o.f.
7.2.4 Mass distributions
The recoil-mass distribution of the transition photon after final event selection criteria
for each final state at 4.01 GeV and 4.26 GeV is shown in Figure 7.5 and 7.6. The MC
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ηc(1S) Modes χ
2/d.o.f < Dang > pi0 Pull > PID
pi+pi+pi−pi−pi0pi0 4.75 - 2.25 -
pi+pi−pi0pi0 4.00 - 3.25 -
pi+pi+pi−pi−η 3.50 - 3.50 -
K+K−pi+pi−pi0 3.25 - 2.50 ProbK>Probpi (Both kaons)
pi+pi+pi+pi−pi−pi− 5.20 - 1.50 -
pi+pi+pi−pi− 3.50 - 1.75 -
pi+pi−η 3.00 17.5 4.00 -
K−KSpi+pi+pi− 4.25 - 1.75 ProbK>Probpi
K+KSpi
+pi−pi− 4.00 - 2.00 ProbK>Probpi
K−KSpi+ 3.75 - 3.25 ProbK>Probpi
K+KSpi
− 4.25 - 3.00 ProbK>Probpi
K+K−pi0 2.75 - 2.75 ProbK>Probpi
K+K−pi+pi− 3.00 - 1.50 ProbK>Probpi (Both kaons)
K+K−pi+pi+pi−pi− 4.00 - 2.50 ProbK>Probpi (Both kaons)
Table 7.3: Summary of final event selections for each ηc(1S) decay
channel. A dashed line indicates the final event selection
does not use this criterium.
is scaled to 470 pb−1 at 4010 MeV and 825 pb−1 at 4260 MeV. The ISR background,
in red, is modeled with KKMC scaled by the number of J/ψ in data. The signal
MC, in grey, is scaled to a 10 pb production cross section. Superimposed in the plots
is the distribution in data with the signal region screened. At 4.010 MeV the MC
does an excellent job modeling data in the sidebands but at 4.260 MeV ηc(1S) decay
modes involving only pions are modeled very poorly. This does not impact the event
selection since only 4010 MeV data and MC sidebands were used.
The χ2/d.o.f after all event selection for data and signal MC is shown in Figure 7.7
on a log plot. The signal MC is scaled by a 10 pb production cross section and the
4.01 GeV luminosity.
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Figure 7.5: The recoil mass distribution of the transition photon
for each ηc(1S) decay channel at center-of-mass energy
4.01 GeV assuming a 5 pb production cross section.
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Figure 7.6: The recoil mass distribution of the transition photon
for each ηc(1S) decay channel at center-of-mass energy
4.26 GeV assuming a 5 pb production cross section.
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7.3 Signal MC studies
In this section we use signal MC to estimate the reconstruction efficiency for e+e− →
γηc(1S), ηc(1S) → Xi at the six center-of-mass energies. In addition, we use signal
MC to determine, for a candidate final state, the contamination from cross feed ηc(1S)
channels. These studies are performed after applying the final event selections listed
in Table 7.3 with multiple counting removed.
7.3.1 Efficiency
The reconstruction efficiency for each final state is determined by fitting for the
number of ηc(1S) in recoil-mass distributions of the transition photon and dividing
by the generated number of events. The product of the reconstruction efficiency with
(1 + δisr) for each ηc(1S) decay channel are shown in Appendix B.
The signal can be described by a Breit-Wigner smeared with a channel-dependent
detector resolution. The detector resolution is estimated with signal MC where the
generated ηc(1S) full width is set to zero. The mass and width of the Breit-Wigner
in this fit are fixed to the values used in the MC. The only free parameter in the
fit is the number of ηc(1S). An example fit is shown on the right of Figure 7.8 for
ηc(1S)→ pi+pi+pi−pi−pi0pi0.
On the left of Figure 7.8 we compare the detector resolution for the channel
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Figure 7.7: The χ2/d.o.f of candidate events in data and signal
MC at center-of-mass energy 4.01 GeV. The signal is
scaled to a 10 pb production cross section. The red
line is the constraint of the χ2 which maximizes the
figure-of-merit, see Table 7.3.
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ηc(1S)→ pi+pi+pi−pi−pi0pi0 with and without ISR. Low energy ISR photons are more
probable than high energy ISR photons making the detector resolution asymmetric
in signal MC with ISR.
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Figure 7.8: The ηc(1S) → pi+pi+pi−pi−pi0pi0 resolution and fit in
signal MC at center-of-mass energy 4.01 GeV. Left:
Detector resolution with and without a Y(4260) ISR
lineshape assumption. Right: Fit to signal MC with a
Breit-Wigner with a fixed mass and width convolved
with the detector resolution assuming ISR is turned
off.
7.3.2 Cross feeds
We study the cross feeds in each ηc(1S) decay channel by applying the selection
criteria for mode i to mode j where i 6= j. The charged kaons in some ηc(1S) channels
114
can potentially be mistaken for a charged pion. By requiring PK > Ppi we are able
to significantly suppress the cross feeds in these channels. The largest cross feeds in
each final state is kept below 1%, as shown in Table 7.4.
Generated Largest Cross Feed Amount of Cross Feed (%)
pi+pi+pi−pi−pi0pi0 pi+pi+pi−pi−η 0% / 0%
pi+pi−pi0pi0 pi+pi−η 0% / 0%
pi+pi+pi−pi−η pi+pi+pi−pi−pi0pi0 0.1% / 0.1%
K+K−pi+pi−pi0 pi+pi+pi−pi−pi0pi0 0.0% / 0%
pi+pi+pi+pi−pi−pi− K−KSpi+pi+pi− 0% / 0%
pi+pi+pi−pi− K+KSpi− 0.3% / 0.4%
pi+pi−η pi+pi−pi0pi0 0% / 0%
K−KSpi+pi+pi− K+KSpi+pi−pi− 0.1% / 0%
K+KSpi
+pi−pi− K−KSpi+pi+pi− 0% / 0%
K−KSpi+ K+KSpi− 0.8% / 0.8%
K+KSpi
− K−KSpi+ 0.8% / 0.8%
K+K−pi0 pi+pi+pi−pi−pi0pi0 0.0% / 0.0%
K+K−pi+pi− K−KSpi+ 0% / 0.1%
K+K−pi+pi+pi−pi− K+K−pi+pi−pi0 0% / 0.0%
Table 7.4: Maximum cross feed determined with signal MC and
after removal of multiple counted events for each ηc(1S)
decay channel. The cross feed is calculated for center-
of-mass energies 4.01 and 4.26 GeV.
7.4 Initial State Radiation studies
With KKMC we can investigate the ISR process e+e−(γisr) → J/ψ, J/ψ → Xi and
J/ψ → γηc(1S), ηc(1S) → Xi, where Xi is an ηc(1S) decay channel. The J/ψ → Xi
process strongly peaks at the J/ψ mass or at about 3.1 GeV in distributions of the
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recoil-mass of the transition photon in many of our final states. This is unsurprising
since many of our ηc(1S) decay channels are also decays of J/ψ. In section 7.4.1 we
estimate the shape of the J/ψ distribution with MC. In section 7.4.2 we measure the
J/ψ ISR cross section in data. Furthermore, we compare the experimental J/ψ ISR
cross section with that from theory and find good agreement, see Figure 7.10. In
section 7.4.3 we use MC that models J/ψ → γηc(1S) and estimate the number of
ISR events that contaminate the signal region. The MC is scaled according to the
measured J/ψ ISR cross section.
7.4.1 e+e−γisr → J/ψ, J/ψ → X
We do expect a significant ISR background due to e+e−(γisr) → J/ψ since many of
the ηc(1S) decay channels are also decays of J/ψ. The theoretical width of the J/ψ is
on the order of keV yet MC and data both show a much wider gaussian distribution
centered at 3.1 GeV. The observed width of the J/ψ is a result of smearing the
detector resolution with a narrow Breit-Wigner. The distributions of the recoil-mass
of the transition photon the MC is described by a double Gaussian expressed below
Nisr(f · N (µ1, σ1) + (1− f)N (µ2, σ2)) (7.3)
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where N is a Gaussian distribution. All parameters of the fit, except the number of
ISR, are extracted from MC in each J/ψ final state and at each energy, see Figure 7.9.
The shape in MC fixes the shape of the ISR in data. Differences in reconstructing MC
and data make up a systematic uncertainty which is further discussed in Chapter 9.
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Figure 7.9: Fit to process, J/ψ → pi+pi+pi−pi−pi0pi0, gener-
ated at center-of-mass energy 4.01 GeV (left) and
4.26 GeV (right).
7.4.2 Measurement of σ(e+e−(γisr)→ J/ψ)
The large number if ISR events in data due to the decay process J/ψ → Xi offers an
interesting way to cross check our fitting procedure. We can compare experimental
with theoretical calculations of σ(e+e−(γisr)→ J/ψ) at each center-of-mass energy.
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The theoretical cross section can be calculated from the formula below
σ(e+e−(γisr)→ J/ψ) =
∫ 1
0
W (s, x)σJ/ψ(x)dx (7.4)
where
√
s is the center of mass energy, x = 2Eγ/
√
s, Eγ is the ISR photon energy,
and W (s, x) is the radiator function. The J/ψ cross section, σJ/ψ, follows the Breit-
Wigner formula given in Eqn 6.8, where we use the measurements given in Ref [16]
for the Γee(J/ψ) and Γtot(J/ψ) parameters.
The J/ψ ISR and ηc(1S) experimental cross sections are extracted simultaneously.
This fit is performed with the six final states with the strongest J/ψ signal, they are:
2(pi+pi−pi0), K+K−pi+pi−pi0, 3(pi+pi−), 2(pi+pi−), pi+pi−K+K−, 2(pi+pi+)K+K−. In the
fit a shared parameter representing the number of J/ψ is passed to the six chosen
final states. The number of e+e−(γisr)→ J/ψ is scaled in each final state by the J/ψ
branching [56] and efficiency. The resulting experimental cross section is shown in
Figure 7.10. It is great to see such good agreement between the experimental and
theoretical measurements. This means our fitting procedure is correctly measuring
the J/ψ process which lends credibility to our fitting procedure.
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FIG. 2. The transition photon recoil mass distributions
summed over all ⌘c(1S) decay channels. Results from the
simultaneous fits are overlaid. In (a-f) the fits are performed
separately at each energy; in (g) the data is combined using
the  Y(4260) assumption; in (h) the data is combined using
 FLAT. Pull distributions, derived by comparing the fit pro-
jections and the data, are shown below each plot. A dotted
line indicates the ⌘c(1S) mass; a dashed line indicates the J/ 
mass.
One of the largest systematic errors comes from un-
certainty in the branching fractions of the ⌘c(1S) de-
cays. We estimate this error by performing many tri-
als of our simultaneous fitting procedure using di↵erent
input ⌘c(1S) branching fractions, which are randomly
generated according to their errors. When available,
we use the branching fractions measured by BESIII in
Ref. [21]. Since those measurements were performed by
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FIG. 3. (Top) The e+e ( ISR) ! J/ Born cross section
measurement (points) compared to the theoretical calcula-
tion (line). (Bottom) The e+e  !  ⌘c(1S) Born cross section
measured at each center-of-mass energy (points) and mea-
sured using the sum of all data under various assumptions
about the energy-dependence of the cross section (lines). The
statistical and systematic errors are summed in quadrature.
The predicted e+e  !  (4040) !  ⌘c cross section [3] is
shown as the dashed line.
taking the ratio of B( 0 ! ⇡0hc(1P )) ⇥ B(hc(1P ) !
 ⌘c(1S)) ⇥ B(⌘c(1S) ! Xi)) with B( 0 ! ⇡0hc(1P )) ⇥
B(hc(1P ) !  ⌘c(1S)), we account for correlated errors
by randomly varying the numerator and denominator
separately according to their errors. The RMS of the
resulting e+e  !  ⌘c(1S) cross sections are taken as the
systematic error.
We estimate the error on the cross section due to the
statistical uncertainty in e ciencies due to limited MC
statistics (which is  0.4%) using the same procedure.
That is, we perform many trials of the fits while randomly
varying the e ciencies according to their errors.
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Figure 7.10: (Top) The e+e−(γISR) → J/ψ Born cross section
measurement (points) compared to the theoretical
calculation (line) [37, 16].
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7.4.3 e+e−γisr → J/ψ, J/ψ → γηc(1S)
The contribution from the peaking background J/ψ → γηc(1S) where the J/ψ is cre-
ated through initial state radiation is investigated using KKMC. The reconstruction
efficiency of the signal process e+e− → γηc(1S) is at least 1000 times greater than
the background process e+e− → γISRJ/ψ, J/ψ → γηc(1S), see Figure 7.11. This is
reasonable considering most ISR photons will be lost down the beam pipe and the
kinematic fit should do a good job of rejecting background processes where the total
center of mass energy is 100 MeV off.
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Figure 7.11: The reconstruction efficiency of the signal process
e+e− → γηc(1S) divided by the background process
e+e− → γisrJ/ψ, J/ψ → γηc(1S) at 4.01 GeV (left)
and 4.26 GeV (right).
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The expected number of peaking background is
N(e+e− → γisrJ/ψ,J/ψ → γηc(1S), ηc(1S)→ Xi) = σ(e+e− → γisrJ/ψ)
× B(J/ψ → γηc(1S))LB(ηc(1S)→ Xi)
× (e+e− → γisrJ/ψ, J/ψ → γηc(1S), ηc(1S)→ Xi)
(7.5)
where Xi is a decay channel of ηc(1S), L is the luminosity, B is the branching
fraction, σ(e+e− → γisrJ/ψ) is the theoretical Born cross section, and (e+e− →
γisrJ/ψ, J/ψ → γηc(1S), ηc(1S)→ Xi) is the reconstruction efficiency. The resulting
recoil-mass distribution of the of the transition photon for each ηc(1S) decay chan-
nel at center of mass energy 4.01 and 4.26 GeV are shown in Figure 7.12 and 7.13.
The total contribution from all modes on the signal is less than one count which is
considered negligible.
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Figure 7.12: Study of peaking background e+e− →
γISRJ/ψ, J/ψ → γηc(1S) for each ηc(1S) decay
at 4.01 GeV. The MC is scaled by the theoretical
cross section σ(e+e− → γISRJ/ψ).
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Figure 7.13: Study of peaking background e+e− →
γISRJ/ψ, J/ψ → γηc(1S) for each ηc(1S) decay
at 4.26 GeV. The MC is scaled by the theoretical
cross section σ(e+e− → γISRJ/ψ).
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Chapter 8
Results for e+e− → γηc(1S)
To determine the Born cross section, σE(e
+e− → γηc(1S)), we analyze the selected
events using the selection criterium listed in Table 7.3 from each of the six center-of-
mass energies E. The ηc(1S) signal is described by a non-relativistic Breit-Wigner
distribution convolved with the detector resolution and effects due to ISR. The mass
and width of the ηc(1S) are fixed to the average values from the PDG. The detector
resolution and ISR effects are fixed using MC studies.
The major backgrounds in the recoil-mass distribution of the transition photon
are from the continuum qq¯ process and the J/ψ ISR process, e+e−(γISR) → J/ψ,
where the J/ψ decays to the same channels as the ηc(1S). The potential background
where the J/ψ decays to γηc(1S) has been found to be negligible. The continuum is
described independently in each decay channel using a second order polynomial. The
J/ψ ISR background is parameterized by a double Gaussian function whose shape
is fixed using MC studies. The size of the J/ψ ISR background can either be fit
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independently in each decay channel or can be simultaneously fit using information
about the J/ψ branching fractions. In the baseline fit, this size is fit independently,
but the difference between fit strategies is used as a systematic error.
The results of the Born cross section from simultaneously fitting the twelve dis-
tributions of the recoil-mass of the transition photon independently at each energy
will be presented in section 8.1. In Section 8.2 we combine the six energies under four
ISR assumptions: σBELLE, σY (4260), σFLAT, σY (4360). These assumptions allow us to
both combine the data samples and search for e+e− → γηc(1S) using a larger sample
of events. It also allows us to compare the Y (4260) hypothesis to other hypotheses.
The energy-dependent cross section assumptions investigated in this analysis are
explained below
1. σFLAT: the cross section is constant, consistent with the calculation in Ref. [61];
2. σBELLE: the cross section follows the Belle parameterization of σ(e
+e− →
pi+pi−J/ψ) found in Ref. [50], modeled with a Y(4008) in addition to the Y (4260);
3. σY(4260): the cross section follows a non-relativistic Breit-Wigner distribution
for the Y (4260) with its mass and width taken from the PDG;
4. σY(4360): the cross section follows a non-relativistic Breit-Wigner distribution
for the Y (4360) with its mass and width taken from the PDG.
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The systematic errors to the measurement are discussed in Chapter 9. Final clos-
ing remarks regarding the interpretations of these results are discussed in Chapter 10.
8.1 Single energy fits
At each energy, we use an unbinned maximum likelihood method to simultaneously
fit the recoil-mass distribution of the transition photon associated with the twelve
final states γXi. The fit at 4.23 GeV is shown in Fig. 8.1. The total fit projections
from each of the six energies are shown in Fig. 8.2(a-f). The fit range is centered
at the ηc(1S) mass and extends 450 MeV/c
2 on either side. The size of the ηc(1S)
signal, parameterized by σE(e
+e− → γηc(1S)), is a shared free parameter in the
fit that accounts for the ηc(1S) branching fractions, the reconstruction efficiencies,
the corrections due to ISR effects, the vacuum polarization [15], and the integrated
luminosity.
Our final measurements of σE(e
+e− → γηc(1S)) are listed in Table 8.1 and are
shown as the points in Fig. 8.3(b). These use the σY(4260) assumption for the calcu-
lation of effects due to ISR. The other assumptions are also used and the differences
range from 1% to 6%, which are included in the systematic errors. Significances are
obtained by comparing the likelihoods of fits with and without the ηc(1S) signal. The
largest significance (3.0σ) is found at E = 4.26 GeV.
An upper limit of the measured Born cross section is calculated at each center-of-
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mass energy and shown in Table 8.1. The calculation follows Chapter 5.6, where we
scan the likelihood by varying σ(e+e− → γηc(1S)) and keeping all other parameters
fixed to their nominal values in the fit. A systematic error is incorporated by con-
volving the likelihood profile with a normal distribution N (µ, σ), where µ = 0 and
σ = σsyst. or the systematic error in picobarns.
The tabulated results of the cross section for all other assumptions on the energy-
dependence of the cross section are shown in Appendix C. The fit projections to each
final state for each energy is also shown in Appendix C.
Energy (GeV) σE(e
+e− → γηc(1S)) (pb) Significance (σ) ULstat ⊕N (0, σsyst.) (pb)
4.01 0.44 ± 1.02 ± 0.32 0.4 2.3
4.23 1.34 ± 0.59 ± 0.21 2.2 2.2
4.26 2.17 ± 0.70 ± 0.35 3.0 3.2
4.36 2.03 ± 0.77 ± 0.37 2.7 3.2
4.42 0.71 ± 0.48 ± 0.33 1.4 1.5
4.60 0.23 ± 0.53 ± 0.34 0.4 1.2
Table 8.1: The results for σE(e
+e− → γηc(1S)) at each center-of-
mass energy. The first error is statistical and the second
is systematic. Upper limits (at 90% confidence level)
are calculated by scanning the likelihood function to
account for statistical errors and then convolving it with
the systematic error described by a Gaussian (N (µ, σ))
centered at 0 and a width of σsyst., where σsyst. is the
total systematic error.
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8.2 Combined energy fits
Because there is little evidence for the e+e− → γηc(1S) process at any individual en-
ergy, we combine all six energies under various assumptions for the energy-dependence
of the cross section. In this case, we perform a simultaneous fit to 6× 12 recoil-mass
distribution of the transition photon. At each energy, the γηc(1S) cross section is
constrained to be the same, as before. But between energies, the cross section is now
constrained to follow the σFLAT, σBELLE, σY(4260), or σY(4360) cross section assump-
tions. Table 8.2 lists the final peak cross sections using this method, where the peak
is measured at 4.26 GeV for the σY(4260) and σBELLE assumptions; and 4.36 GeV for
the σY(4360) assumption. Figure 8.2(g-h) shows no observable difference in the fit pro-
jections for the σY(4260) and σFLAT assumptions; and the solid lines in Fig. 8.3 show
the resulting cross sections as a function of energy. The statistical significance of the
γηc(1S) process is at least 3.6σ, regardless of our input cross section assumption.
While we find evidence for e+e− → γηc(1S) in our combined fits, we are unable to
distinguish among the different assumptions for the energy dependence of the cross
section. To test the significance of the σY(4260) shape, we compare the likelihood of a
fit assuming a combination of σY(4260) and σFLAT (where the sizes of both components
are free parameters in the fit) to the likelihood of the fit assuming σFLAT. In this test,
we find the significance of the σY(4260) component to be only 1.5σ.
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Assumptions σpeak(e
+e− → γηc(1S)) (pb) Significance (σ) ULstat ⊕N (0, σsyst.) (pb)
σFLAT 1.16 ± 0.27 ± 0.18 4.1 1.6
σBELLE 2.27 ± 0.49 ± 0.35 4.5 3.0
σY(4260) 2.11 ± 0.49 ± 0.33 4.2 2.9
σY(4360) 2.72 ± 0.71 ± 0.42 3.6 3.9
Table 8.2: The results for the combined-energy fits. The Born
cross section is given at the peak center-of-mass energy
under various assumptions for the energy dependence of
the cross section. The first error is statistical and the
second is systematic. Upper limits (at 90% confidence
level) are calculated by scanning the likelihood func-
tion to account for statistical errors and then convolv-
ing it with the systematic error described by a Gaussian
(N (µ, σ)) centered at 0 and a width of σsyst., where σsyst.
is the total systematic error.
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Figure 8.1: The recoil-mass distribution of the transition photon
for each ηc(1S) decay channel at center-of-mass energy
4.23 GeV. Projections from the simultaneous fit are
overlaid. A dotted line indicates the ηc(1S) mass; a
dashed line indicates the J/ψ mass.
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Figure 8.2: The transition photon recoil mass distributions
summed over all ηc(1S) decay channels. Results from
the simultaneous fits are overlaid. In (a-f) the fits are
performed separately at each energy; in (g) the data
is combined using the σY(4260) assumption; in (h) the
data is combined using σFLAT. Pull distributions, de-
rived by comparing the fit projections and the data,
are shown below each plot. A dotted line indicates the
ηc(1S) mass; a dashed line indicates the J/ψ mass.
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Figure 8.3: The e+e− → γηc(1S) Born cross section measured
at each center-of-mass energy (points) and measured
using the sum of all the data under various assump-
tions about the energy-dependence of the cross sec-
tion (lines). The first tick marks are due to the
statistical error, the intermediate tick marks sum in
quadrature the statistical and the systematic errors
correlated in energy (see, Table 9.12), and the out-
ermost tick marks sum in quadrature both the sta-
tistical and total systematic errors. The predicted
e+e− → ψ(4040)→ γηc(1S) cross section [27] is shown
as the dashed line.
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Chapter 9
Systematics
The e+e− → γηc(1S) Born cross section measured is the last chapter is susceptible
to statistical fluctuations due to the limited number of ηc(1S) we were able to recon-
struct. In addition, there are systematic effects that can effect the measured Born
cross section. In this analysis this includes measurements used to derive the cross
section such as the uncertainty in the ηc(1S) branching fractions (9.1) and the uncer-
tainties in our reconstruction efficiencies due to producing limited MC statistics (9.2).
In addition, the ηc(1S) substructure is not modeled by our MC so this introduces a
systematic error. This is discussed in section 9.3.
In the measurement of the beam energy there is an uncertainty of 1 MeV which
causes a systematic error, see section 9.4. Other systematic uncertainties include
the reconstruction algorithms ability to accurately track charged particles, measure
photon energy, or reconstruct a KS, see section 9.5. In section 9.6 we estimate the
systematic error from the kinematic fit at each center-of-mass energy.
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If we compare the detector resolutions between data and MC we find differences
which will introduce a systematic error in our measurement, see section 9.7. We would
also expect changes in the number of ηc(1S) due to variations in the fit shape such
as varying the ηc(1S) mass and width parameters according to their error (9.8). In
addition, section 9.9 describes the systematic error from describing the ηc(1S) signal
shape with a parameterization that account for distortions in ηc(1S) lineshape due to
the photon energy-dependence of electromagnetic transitions [55, 18]. Furthermore,
the J/ψ ISR distribution can be fit in two ways that can effect this measurement, they
are: a simultaneous fit of the J/ψ in final states with the most number of J/ψ ISR
background or by fitting the J/ψ independently for each final state. The difference
cause changes in our measured e+e− → γηc(1S) Born cross section. This systematic
effect is further discussed in section 9.10. Lastly, changing the background shape
that describes the continuum will introduce a systematic error that is discussed in
section 9.11.
The section ends with a summary of the systematic uncertainties.
9.1 B(ηc(1S)→ X)
One of the largest systematic errors comes from uncertainty in the branching fractions
of the ηc(1S) decays. We estimate this error by performing many trials of our simulta-
neous fitting procedure using different input ηc(1S) branching fractions, which are ran-
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domly generated according to their errors. When available, we use the branching frac-
tions measured by BESIII in Ref. [10]. Since those measurements were performed by
taking the ratio of B(ψ(2S)→ pi0hc(1P ))×B(hc(1P )→ γηc(1S))×B(ηc(1S)→ Xi))
with B(ψ′ → pi0hc(1P )) × B(hc(1P ) → γηc(1S)), we account for correlated errors
by randomly varying the numerator and denominator separately according to their
errors. The RMS of the resulting e+e− → γηc(1S) cross sections are taken as the
systematic error. The minimum significance of measuring σE(e
+e− → γηc(1S)) after
all these variations of the input branching fractions is given below in Table 9.1.
Energy Avg Nsignal Rms Nsignal Minimum significance Rms significance Systematic
4010 MeV 143 59 -0.154 0.313 41 %
4230 MeV 1020 92 1.74 0.126 10 %
4260 MeV 1278 152 2.26 0.221 12 %
4360 MeV 806 92 1.98 0.189 12 %
4420 MeV 570 101 0.714 0.225 18 %
4600 MeV 89 34 -0.0587 0.155 39 %
Combined Energies 2.03 pb 0.146 pb 3.75 0.175 8 %
Table 9.1: Study of the systematic error due to the uncertainty
in the measured ηc(1S) → Xi branching fraction. The
average and root-mean square cross section of the tri-
als is reported. In addition, the minimum significance
of σE(e
+e− → γηc(1S)), the root-mean square of the
significance, and the systematic error are also reported.
9.2 (ηc(1S)→ Xi)
A small systematic error (from 1% to 3%) is introduced by the statistical uncertainty
of the reconstruction efficiency due to generating a limited number of MC statistics.
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We estimate the error using the same procedure introduced in Chapter 9.1. That is,
we perform many trials of the fits while randomly varying the efficiencies according
to their errors. The RMS of the resulting e+e− → γηc(1S) cross sections are taken
as the systematic error.
Energy Avg Nsignal Rms Nsignal Minimum significance Rms significance Systematic
4010 MeV 156 3 0.365 0.00628 2 %
4230 MeV 1071 6 2.18 0.00747 1 %
4260 MeV 1344 6 3.02 0.00937 1 %
4360 MeV 850 4 2.63 0.00887 1 %
4420 MeV 591 5 1.40 0.0125 1 %
4600 MeV 94 2 0.372 0.00866 3 %
Combined Energies 2.11 pb 0.00693 pb 4.28 0.00898 1 %
Table 9.2: Study of the systematic error due to the uncertainty
in the ηc(1S) → Xi reconstruction efficiency. The av-
erage and root-mean square cross section of the trials
is reported. In addition, the minimum significance, the
root-mean square of the significance, and the systematic
error are also reported.
9.3 ηc(1S) substructure
In our modeling of the ηc(1S) decays we did not account for substructure. We could
compare MC with and without substructure and take the difference in efficiency to
estimate a systematic error as was done in the BESIII measurements of the ηc(1S)
branching fraction from ψ(2S) → pi0hc, hc → γηc(1S) [10]. Instead, since the final
state channels in this analysis only differ from those in Ref [10] by a pi0, the ηc(1S)
substructures is the same. This means that the systematic error we measure in
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section 9.1 includes the systematic error due to modeling the ηc(1S) decays without
substructure.
9.4 e+e− beam energy
The 1 MeV beam energy uncertainty causes a 2 MeV shift in the center of mass. The
systematic is estimated by varying the ηc(1S) mass by ± 2 MeV.
Energy (MeV) Minimum Significance (σ) Systematic (%)
4010 0.32 18
4230 2.13 2
4260 3.04 2
4360 2.61 5
4420 1.42 2
4600 0.37 6
Combined Energies 5.00 1
Table 9.3: Study of the systematic error due to the uncertainty in
the e+e− beam energy. The minimum significance and
largest systematic error are shown for each center-of-
mass energy.
9.5 Uncertainty in track, photon, and luminosity measurements
We assign an error of 1% per charged pion and kaon to account for uncertainty in
the track reconstruction efficiency (including particle ID) [8, 9]. The error due to
uncertainty in photon reconstruction efficiencies is taken as 1% per photon (including
photons from pi0 and η) [13]. The total error attributed to the KS reconstruction
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efficiency (arising from a combination of geometric acceptance, tracking efficiency, and
selection efficiency) is 4% per KS [11]. To account for correlations in reconstruction
of the twelve Xi modes the efficiency is varied and refit. The largest difference with
respect to the nominal measurement is taken as a system error.
To estimate the systematic error due to tracking, KS, or photon we vary scale the
efficiency in each final state by either (1 + δi,j) or (1− δi,j), where δ is the systematic
error for final state i and j is the systematic error under investigation. The data is
refit to derive two new cross section: σ+j and σ
−
j ; and the largest difference with the
nominal cross section is taken as a systematic error, see Table 9.4.
energy Tracking Photon Ks Luminosity
4010 8% 2% 2% 1%
4230 3% 3% 1% 1%
4260 5% 4% 2% 1%
4360 4% 3% 1% 1%
4420 4% 4% 1% 1%
4600 6% 4% 3% 1%
Combined Energies 4% 3% 4% 1%
Table 9.4: Study of the systematic error due uncertainties in
tracking, photon energy, and luminosity
9.6 Kinematic fit
Uncertainties in the kinematic fitting efficiencies are evaluated by comparing the cross
sections extracted with and without tracking corrections [4]. The correction factors
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are determined from the control sample J/ψ → φf0(980).
Energy (MeV) Systematic
4010 5 %
4230 1 %
4260 1 %
4360 3 %
4420 2 %
4600 2 %
Combined Energies 2 %
Table 9.5: Study of the systematic error due uncertainties in
the kinematic fitting efficiencies.
9.7 Mass resolution
In our baseline fits to the ηc(1S) mass spectrum, we use a resolution derived from
MC for both the ηc(1S) signal and for the ISR J/ψ peaks. Recall that for the ηc(1S)
peak, a histogram is used to parametrize the resolution, while for the ISR J/ψ peak
a double Gaussian is used. Since the resolution in the data has been shown to be
wider than that in the MC, this introduces a systematic error. To estimate this
systematic error, we first use the J/ψ ISR peak in several channels to determine the
ratio of resolutions between data and MC. We then smear the resolution of both the
ηc(1S) and J/ψ by this ratio and redo the fits. We take the largest differences as the
systematic errors.
In order to determine the difference in resolution between data and MC, we fit the
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six largest ISR J/ψ peaks in data and MC with a Gaussian. The ratios of the J/ψ
widths in data to the J/ψ widths in MC are shown in Table 9.6. The error weighted
mean of this ratio is approximately 1.2. This ratio determines how much the MC
resolution must increase to match data.
To increase the ηc(1S) MC resolution, the ηc(1S) resolution histogram is convolved
with a Gaussian with a width that increases the MC width by a factor of 1.2. For the
J/ψ, the width of each of the Gaussians in the baseline fit is increased by a factor of
1.2. After this smearing, the fits are redone and the resulting systematic uncertainties
are shown in Table 9.7.
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Figure 9.1: Comparison of the J/ψ resolution in data and MC
for J/ψ → K+K−pi+pi−pi0 and K+K−pi+pi+pi−pi− at
4.01 GeV. The mass of the J/ψ is allowed to float in
these fits.
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ηc(1S) Mode MC Resolution (MeV) Data Resolution (MeV) Data/MC Resolution
pi+pi+pi−pi−pi0pi0 9.22 ± 0.17 9.46 ± 2.04 1.03 ± 0.22
K+K−pi+pi−pi0 6.47 ± 0.14 6.67 ± 0.99 1.03 ± 0.16
pi+pi+pi+pi−pi−pi− 5.32 ± 0.09 5.53 ± 1.30 1.04 ± 0.24
pi+pi+pi−pi− 5.35 ± 0.07 5.03 ± 1.88 0.94 ± 0.35
K+K−pi+pi− 4.75 ± 0.05 4.56 ± 0.62 0.96 ± 0.13
K+K−pi+pi+pi−pi− 4.60 ± 0.10 7.76 ± 1.05 1.69 ± 0.23
Table 9.6: Comparison of the J/ψ resolution in data and MC for
the six final state channels with a large J/ψ signal at
4.01 GeV.
Energy (MeV) Cross section Significance Systematic
4010 0.462 ± 0.861 pb 0.55 σ 44 %
4230 1.042 ± 0.473 pb 2.35 σ 7 %
4260 1.757 ± 0.552 pb 3.28 σ 8 %
4360 1.668 ± 0.633 pb 2.81 σ 6 %
4420 0.643 ± 0.401 pb 1.69 σ 18 %
4600 0.238 ± 0.433 pb 0.57 σ 42 %
Combined Energies 2.352 ± 0.516 pb 5.45 σ 8 %
Table 9.7: Study of the systematic error due to the uncertainty in
the data and MC resolution differences. The ηc(1S) and
J/ψ components of the fit are independently smeared by
a factor of 1.2. The largest difference in the cross section
from the nominal fit at each center-of-mass energy is
used to estimate the systematic error.
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9.8 ηc(1S) mass and width
The uncertainty due to the mass and width of the ηc(1S) is estimated by varying the
PDG mass and width by 1 σ.
Energy (MeV) Minimum Significance (σ) Systematic (%)
4010 0.35 10
4230 2.17 1
4260 3.04 2
4360 2.62 3
4420 1.43 3
4600 0.38 3
Combined Energies 5.00 1
Table 9.8: Study of the systematic error due to the uncertainty
in the ηc(1S) mass and width measurements. The mini-
mum significance and largest systematic error are shown
for each center-of-mass energy.
9.9 ηc(1S) lineshape
The nominal ηc(1S) signal shape in this analysis uses a non-relativistic Breit-Wigner,
which ignore distortions in the lineshape due to the effect of phase space. In allowed
E1/M1 transitions a cubic photon energy term is introduced to the signal shape,
which accounts for the transition matrix element and phase space factor but requires
a damping term at higher energies [55, 18]. The difference between fitting with
a nominal signal shape and that used by the KEDR collaboration is taken as a
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systematic, see the equation below.
(E3γ ×BW (m)× fd(Eγ)
⊗
Ri,j(m)) (9.1)
where BW (m) is the Breit-Wigner function for ηc(1S), Eγ(m) =
s−m2
2
√
(s)
is the energy
of the transition photon (s is the center of mass energy squared), Ri,j(m) is the
resolution for mode i at energy j, and fd(Eγ) is the damping factor used by the
KEDR collaboration.
fd(Eγ) =
E20
EγE0 + (Eγ − E0)2 (9.2)
where E0 = Eγ(mηc(1S)) is the transition-photon energy peak.
Energy (MeV) KEDR cross section Significance Systematic
4010 0.308 ± 0.849 pb 0.37 σ 5 %
4230 0.911 ± 0.464 pb 2.06 σ 8 %
4260 1.614 ± 0.546 pb 3.05 σ 1 %
4360 1.493 ± 0.624 pb 2.53 σ 6 %
4420 0.716 ± 0.401 pb 2.16 σ 31 %
4600 0.116 ± 0.427 pb 0.27 σ 31 %
Combined Energies 2.172 ± 0.511 pb 4.38 σ 1 %
Table 9.9: Study of the systematic error due to distortions in the
ηc(1S) lineshape. The ηc(1S) component of the fit is
altered by introducing a cubic transition photon energy
term and an associated damping factor. The result-
ing cross section, significance, and systematic error are
shown at each center-of-mass energy.
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9.10 Uncertainty in fitting the J/ψ peak
There is an uncertainty when measuring the γηc(1S) production cross section due to
different ways of fitting the prominent J/ψ peak in the photon recoil distribution. The
nominal fit in this analysis independently floats the number of J/ψ in each channel.
Another method is to constrain the number of J/ψ by the branching fraction and
efficiency using KKMC where e+e− → γISRJ/ψ, J/ψ → X, where X are the ηc(1S)
decay modes studied in this analysis.
Since only 8 of the 12 ηc(1S) decay modes also decay from J/ψ these are the
only modes constrained in the fit and the other modes are allowed to float. The
J/ψ ISR production cross section in data is measured mode-by-mode and shown in
Figure 9.2. The dashed green line in Figure 9.2 represents the J/ψ cross section when
simultaneously fitting the J/ψ peak in data with a single parameter that is scaled by
each modes branching fraction to J/ψ and efficiency, calculated with KKMC where
e+e− → γISRJ/ψ, J/ψ → X. As Figure 9.2 shows there is good agreement between
each mode, the constrained fit, and the theoretical calculation, see Appendix E for
more on the measurement of the J/ψ production cross section.
The systematic due to constraining the J/ψ ISR is shown in Table 9.10.
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Figure 9.2: The J/ψ cross section at center-of-mass energy 4.01
and 4.26 GeV as a function of decay channel. The
weighted mean of the individual measurements of the
cross section is shown shaded in green. The cross sec-
tion and its error extracted from the simultaneous fit
is shown in blue. These measurements are consistent
with the theoretical cross section (red) calculated by
integrating the radiator function (W ) with the J/ψ
cross section, Eqn 7.4.
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Energy (MeV) Nominal (float ISR) Constrain ISR Systematic
4010 0.322 pb 0.257 pb 21 %
4230 0.980 pb 0.944 pb 4 %
4260 1.627 pb 1.604 pb 2 %
4360 1.574 pb 1.556 pb 2 %
4420 0.549 pb 0.512 pb 7 %
4600 0.168 pb 0.063 pb 63 %
Combined Energies 2.180 pb 2.060 pb 6 %
Table 9.10: Study of the systematic error due to fitting the dif-
ferent ways to fit the J/ψ peak. The difference in the
ηc(1S) cross section for the different ways of fitting the
J/ψ are taken as a systematic error and shown for each
energy.
9.11 Background shape
The nominal fit in this analysis uses a 2nd order Chebyshev polynomial to fit the
continuum background. The systematic uncertainty due to the background shape
is investigated by fitting the background with a 3rd order Chebyshev polynomial
and taking the difference with the nominal fit. The resulting systematic is shown in
Table 9.11.
9.12 Total
The total systematic error is obtained by adding the individual systematic errors in
quadrature.
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Energy (MeV) Cross section Significance Systematic
4010 MeV 0.228 ± 0.850 pb 0.27 σ 30 %
4230 MeV 1.024 ± 0.469 pb 2.16 σ 5 %
4260 MeV 1.597 ± 0.546 pb 2.90 σ 2 %
4360 MeV 1.462 ± 0.626 pb 2.36 σ 8 %
4420 MeV 0.674 ± 0.399 pb 1.63 σ 23 %
4600 MeV -0.038 ± 0.422 pb 0.00 σ 117 events
Combined Energies 2.209 ± 0.510 pb 4.36 σ 2 %
Table 9.11: Study of the systematic error due to uncertainties in
the parameterization of background shape. The result-
ing ηc(1S) cross section, significance, and systematic
error when replacing the 2nd order Chebyshev poly-
nomial with a 3rd order one are shown.
4010 MeV 4230 MeV 4260 MeV 4360 MeV 4420 MeV 4600 MeV Combined Energies
* B(ηc(1S)→ Xi) branching fraction 41 % 9 % 12 % 11 % 18 % 38 % 7 %
MC statistics 2 % 1 % 1 % 1 % 1 % 2 % 1 %
* Mass resolution 43 % 6 % 8 % 6 % 17 % 42 % 10 %
* ηc(1S) mass and width 10 % 1 % 2 % 3 % 3 % 3 % 1 %
e+e− beam energy 7 % 1 % 1 % 2 % 1 % 3 % 1 %
* ηc(1S) lineshape 4 % 7 % 1 % 5 % 30 % 31 % 3 %
* Tracking efficiency 8 % 3 % 5 % 4 % 4 % 6 % 4 %
* Photon efficiency 2 % 3 % 4 % 3 % 4 % 4 % 3 %
* KS efficiency 2 % 1 % 2 % 1 % 1 % 3 % 4 %
* Kinematic fitting 5 % 1 % 1 % 3 % 2 % 2 % 2 %
Background Shape 29 % 4 % 2 % 7 % 23 % 123 % 5 %
Luminosity 1 % 1 % 1 % 1 % 1 % 1 % 1 %
J/ψ peak 20 % 4 % 1 % 1 % 7 % 62 % 2 %
Total 73 % 16 % 16 % 18 % 46 % 153 % 15 %
Table 9.12: Summary of systematic errors at
√
s = 4.01, 4.23, 4.26,
4.36, 4.42, 4.60 GeV and at all energies combined. Er-
rors with an asterisks (*) are correlated in energy.
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Chapter 10
Conclusion
In summary, we search for the process e+e− → γηc(1S) at six center-of-mass ener-
gies between 4.01 and 4.60 GeV. While we do not find evidence for this process at
any individual energy, the significance is consistently above 3σ when we combine all
of our datasets according to the four assumptions listed above. With our current
statistics, we cannot make firm conclusions about the energy-dependence of the cross
section. However, we note that the cross section is better explained by σY(4260) than
by conventional charmonium states: ψ(4040), ψ(4160), and ψ(4415), where the states
are described by a Breit-Wigner with a mass and width fixed to the world average
values given in the PDG [56]. The expected rate of e+e− → ψ(4040) → γηc(1S),
shown as the dashed line in Fig. 8.3(b), is estimated using the calculated partial
width Γ(ψ(4040)→ γηc(1S)) [27]. If we assume the energy-dependence on the cross
section follows the ψ(4040) and fit our combined datasets, then the significance of
e+e− → γηc(1S) is 1.9σ. Calculations are lacking of ψ(4160) or ψ(4415) to γηc(1S),
148
so their rate is allowed to float in fits to our combined datasets. The significance of
e+e− → γηc(1S) assuming the ψ(4415) is 1.9σ. In the case of the ψ(4160) we are
missing crucial data at energies near 4.16 GeV to constrain this assumption. Never-
theless, we measure the significance of e+e− → γηc(1S) assuming ψ(4160) production
to be 3.5σ, which is still less significant than our weakest nonconventional assumption
of the γηc(1S) production mechanism, namely: σY(4360). Although we are unable to
unambiguously determine the production mechanism of γηc(1S), the enhancement
in e+e− → γηc(1S) between 4.23-4.36 GeV may suggest production via a hybrid
charmonium state.
If we assume the process e+e− → γηc(1S) proceeds through a Y (4260), we measure
σ4.26(e
+e− → γηc(1S)) = 2.11 ± 0.49(stat.) ± 0.32(syst.) pb. Combining this with
a previous BESIII measurement of σ4.26(e
+e− → pi+pi−J/ψ) [12], we estimate the
ratio B(Y (4260) → γηc(1S))/B(Y (4260) → pi+pi−J/ψ) = 0.034 ± 0.005, where the
statistical and systematic errors have been combined.
To test the significance of the σY(4260) shape, we compare the likelihood of a fit
assuming a combination of σY(4260) and σFLAT (where the sizes of both components
are free parameters in the fit) to the likelihood of the fit assuming σFLAT. In this test,
we find the significance of the σY(4260) component to be only 1.5σ.
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Chapter A
Input-Output Study
A study was performed to test the correctness of the simultaneous fitting procedure.
This was done by generating toy MC distributions that closely resemble the back-
grounds in data with a 10 pb input Born cross section. The Born cross section is
extracted from each simultaneous fit with a variable number of ηc(1S) decay channels
included. The modes used in each fit are randomized and range from 1 to 14. The
fit for a given number of included ηc(1S) decay channels is repeated 100 times. The
mean and root-mean error are shown in Figure A.1.
The toy MC was generated by uniformly sampling from the probability density
function of the signal and background. This type of MC is known as the acceptance-
rejection method. One drawback of the acceptance-rejection method is that the
method tends to favor concentrated areas that spike in certain regions of the pdf. This
is avoided by generating the continuum, J/ψ ISR and ηc(1S) distributions separately.
The shape of the continuum background is determined by fitting the distribution in
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data and extracting the 2nd order Chebychev piece from the fit. This component
of the background is generated by uniformly sampling from the probability density
function of the continuum background. The size of the background in MC is equal
to the size in data. To investigate the ηc(1S) → Xi and J/ψ → Xi efficiencies we
generated large sets of data with KKMC for each final state channel, see Chapter 7.1.
By sampling uniformly for these distributions we generate the respective toy MC.
Each toy MC distribution is equivalent to 500 pb−1 of data at 4.01 GeV.
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Figure A.1: Validation of fit procedure using data driven MC
where the number of ηc(1S) decay modes are var-
ied and randomized. Each point represents the
average and root mean square of 100 fits. The
input ηc(1S) production cross section is 10 pb
and the input luminosity is 500 pb−1.
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Chapter B
Summary of event selection optimizations
In this analysis we rely on a figure of merit to characterize the significance of an
event selection. The selection criteria’s investigated included the kinematic χ2/dof,
the angle between the transition photon and a charged track (ShDang), the pull of
the transition photon forming a pi0 with any other shower in the event (ShPi0Pull),
and the decay length of a KS divided by its error. Two type of background and signal
yields were used to construct the figure of merit yielding a total of four combinations.
The maximum figure of merit averaged between the four combinations of the figure
of merit are shown as an arrow in the plots below. If a plot does not contain an
arrow then this event selection was not used in the final event selection. In blue is
the corresponding detector efficiency. The plots are meant to be read from left to
right, where each subsequent event selection includes the best figure of merit from
the event selection that precedes it.
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B.1 ηc(1S)→ pi+pi+pi−pi−pi0pi0
Final Event Selection: χ2/d.o.f <4.7 and pi0 Pull of monoenergetic photon>2.25σ
branching fraction = 17.2%
Energy (MeV) eff eff*(1+δ) eff*(1+δ) eff*(1+δ) eff*(1+δ)
No ISR Flat Belle Y(4260) Breit-Wignet Y(4260) Y(4360) ISR
4010 9.478±0.058% 7.199±0.050% 6.190±0.045% 7.030±0.045% 6.988±0.045%
4230 9.558±0.059% 7.315±0.051% 6.984±0.041% 7.056±0.044% 6.903±0.044%
4260 9.607±0.059% 7.335±0.050% 7.315±0.043% 7.329±0.046% 6.961±0.044%
4360 9.672±0.059% 7.389±0.051% 7.705±0.049% 7.760±0.057% 7.136±0.045%
4420 9.651±0.059% 7.259±0.050% 7.606±0.051% 7.657±0.062% 8.068±0.056%
4600 9.811±0.059% 7.457±0.052% 6.303±0.056% 7.618±0.073% 6.751±0.068%
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Figure B.1: (a) Optimization of χ2/d.o.f , (b) Optimization of an-
gle between shower and closest charged track, (c) Op-
timization of rejecting the monoenergetic shower’s pi0
pull
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B.2 ηc(1S)→ pi+pi−pi0pi0
Final Event Selection: χ2/d.o.f <4.0 and pi0 Pull of monoenergetic photon>3.25σ
branching fraction = 4.66%
Energy (MeV) eff eff*(1+δ) eff*(1+δ) eff*(1+δ) eff*(1+δ)
No ISR Flat Belle Y(4260) Breit-Wignet Y(4260) Y(4360) ISR
4010 17.860±0.155% 13.772±0.134% 11.584±0.122% 13.612±0.123% 13.391±0.122%
4230 18.156±0.157% 13.988±0.137% 12.224±0.112% 13.651±0.120% 13.095±0.119%
4260 18.273±0.157% 13.688±0.135% 12.820±0.113% 13.768±0.125% 13.174±0.117%
4360 18.146±0.156% 13.913±0.137% 13.390±0.133% 14.983±0.154% 13.535±0.120%
4420 18.103±0.157% 13.897±0.137% 13.340±0.142% 14.340±0.165% 15.758±0.153%
4600 18.324±0.157% 14.107±0.137% 12.026±0.151% 14.432±0.196% 12.900±0.184%
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Figure B.2: (a) Optimization of χ2/d.o.f, (b) Optimization of an-
gle between shower and closest charged track, (c) Op-
timization of rejecting the monoenergetic shower’s pi0
pull
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B.3 ηc(1S)→ pi+pi+pi−pi−η
Final Event Selection: χ2/d.o.f <3.5 and pi0 Pull of monoenergetic photon>3.50σ
branching fraction = 4.40%
Energy (MeV) eff eff*(1+δ) eff*(1+δ) eff*(1+δ) eff*(1+δ)
No ISR Flat Belle Y(4260) Breit-Wignet Y(4260) Y(4360) ISR
4010 17.976±0.157% 13.638±0.133% 12.594±0.125% 13.189±0.122% 12.832±0.120%
4230 18.184±0.158% 13.870±0.135% 13.429±0.115% 13.341±0.118% 13.241±0.118%
4260 18.204±0.158% 13.524±0.133% 13.618±0.118% 13.651±0.124% 13.107±0.117%
4360 18.492±0.157% 13.687±0.136% 14.315±0.136% 14.445±0.150% 13.576±0.121%
4420 18.586±0.159% 13.613±0.134% 14.105±0.143% 14.043±0.161% 15.131±0.148%
4600 18.924±0.161% 14.038±0.137% 12.897±0.155% 14.338±0.194% 12.786±0.180%
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Figure B.3: (a) Optimization of χ2/d.o.f , (b) Optimization of an-
gle between shower and closest charged track, (c) Op-
timization of rejecting the monoenergetic shower’s pi0
pull
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B.4 ηc(1S)→ K+K−pi+pi−pi0
Final Event Selection: χ2/d.o.f <3.2 and pi0 Pull of monoenergetic photon>2.50σ
and Prob(K+)>Prob(pi+) and Prob(K−)>Prob(pi−)
branching fraction = 3.50%
Energy (MeV) eff eff*(1+δ) eff*(1+δ) eff*(1+δ) eff*(1+δ)
No ISR Flat Belle Y(4260) Breit-Wignet Y(4260) Y(4360) ISR
4010 11.688±0.140% 8.754±0.120% 7.958±0.110% 8.740±0.109% 8.344±0.108%
4230 12.135±0.143% 9.074±0.121% 8.943±0.103% 8.881±0.108% 8.523±0.106%
4260 11.985±0.142% 8.982±0.122% 9.321±0.106% 9.083±0.112% 8.475±0.106%
4360 12.239±0.143% 9.224±0.122% 9.668±0.123% 9.533±0.136% 8.965±0.108%
4420 12.122±0.144% 9.208±0.123% 9.347±0.126% 9.211±0.147% 9.865±0.132%
4600 12.337±0.145% 9.272±0.123% 8.361±0.139% 9.286±0.175% 8.542±0.164%
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Figure B.4: (a) Optimization of χ2/d.o.f , (b) Optimization of an-
gle between shower and closest charged track , (c) Op-
timization of rejecting the monoenergetic shower’s pi0
pull
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B.5 ηc(1S)→ pi+pi+pi+pi−pi−pi−
Final Event Selection: χ2/d.o.f <5.2 and pi0 Pull of monoenergetic photon>1.50σ
branching fraction = 2.02%
Energy (MeV) eff eff*(1+δ) eff*(1+δ) eff*(1+δ) eff*(1+δ)
No ISR Flat Belle Y(4260) Breit-Wignet Y(4260) Y(4360) ISR
4010 24.541±0.269% 18.221±0.226% 18.120±0.220% 18.199±0.207% 17.674±0.204%
4230 25.533±0.271% 18.100±0.227% 18.538±0.205% 17.898±0.203% 17.896±0.201%
4260 25.301±0.270% 18.810±0.230% 19.661±0.209% 18.539±0.210% 17.898±0.202%
4360 25.475±0.274% 19.101±0.232% 20.588±0.244% 19.877±0.256% 18.640±0.205%
4420 24.996±0.271% 19.078±0.234% 20.028±0.252% 18.780±0.272% 20.204±0.252%
4600 25.405±0.275% 19.333±0.236% 18.252±0.267% 19.084±0.329% 17.163±0.305%
0 1 2 3 4 5 6 7 8 9 100
0.5
1
1.5
2
2.5
3
3.5
4
4.5
-pi  -pi  -pi  +pi  +pi  +pi→
c
η
FO
M
ef
f (
%)
Chi2DOF<x
0
5
10
15
20
25
=10pb, Data SBσ
=10pb, MC SBσ
=1pb, Data SBσ
=1pb, MC SBσ
0 2 4 6 8 10 12 14 16 18 200
0.5
1
1.5
2
2.5
3
3.5
4
4.5
-pi  -pi  -pi  +pi  +pi  +pi→
c
η
No Cut
FO
M
ef
f (
%)
ShDangP1>x
20.4
20.6
20.8
21
21.2
21.4
21.6
21.8
22
=10pb, Data SBσ
=10pb, MC SBσ
=1pb, Data SBσ
=1pb, MC SBσ
0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 50
0.5
1
1.5
2
2.5
3
3.5
4
4.5
-pi  -pi  -pi  +pi  +pi  +pi→
c
η
FO
M
ef
f (
%)
ShPi0PullP1>x
21
21.2
21.4
21.6
21.8
22
=10pb, Data SBσ
=10pb, MC SBσ
=1pb, Data SBσ
=1pb, MC SBσ
Figure B.5: (a) Optimization of χ2/d.o.f , (b) Optimization of an-
gle between shower and closest charged track , (c) Op-
timization of rejecting the monoenergetic shower’s pi0
pull
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B.6 ηc(1S)→ pi+pi+pi−pi−
Final Event Selection: χ2/d.o.f <3.5 and pi0 Pull of monoenergetic photon>1.75σ
branching fraction = 1.72%
Energy (MeV) eff eff*(1+δ) eff*(1+δ) eff*(1+δ) eff*(1+δ)
No ISR Flat Belle Y(4260) Breit-Wignet Y(4260) Y(4360) ISR
4010 37.191±0.356% 27.294±0.301% 26.963±0.292% 26.541±0.273% 26.466±0.271%
4230 37.216±0.360% 27.193±0.302% 27.031±0.268% 27.073±0.270% 26.631±0.269%
4260 37.887±0.362% 27.294±0.302% 28.201±0.276% 27.282±0.276% 26.354±0.265%
4360 37.674±0.363% 27.928±0.308% 29.059±0.315% 28.140±0.334% 27.538±0.274%
4420 37.691±0.360% 27.401±0.308% 28.349±0.330% 28.493±0.366% 29.482±0.329%
4600 38.143±0.367% 27.305±0.307% 27.599±0.357% 28.602±0.439% 25.758±0.410%
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Figure B.6: (a) Optimization of χ2/d.o.f , (b) Optimization of an-
gle between shower and closest charged track , (c) Op-
timization of rejecting the monoenergetic shower’s pi0
pull
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B.7 ηc(1S)→ pi+pi−η
Final Event Selection: χ2/d.o.f <3.00 and θ(monoenergetic photon and closest charged
track)>17.5◦ and pi0 Pull of monoenergetic photon>4.00σ
branching fraction = 1.66%
Energy (MeV) eff eff*(1+δ) eff*(1+δ) eff*(1+δ) eff*(1+δ)
No ISR Flat Belle Y(4260) Breit-Wignet Y(4260) Y(4360) ISR
4010 27.793±0.318% 21.000±0.270% 18.535±0.252% 20.487±0.250% 19.918±0.245%
4230 27.815±0.318% 20.859±0.272% 19.040±0.232% 20.263±0.242% 19.902±0.239%
4260 27.948±0.316% 21.443±0.274% 20.209±0.237% 21.199±0.250% 19.913±0.238%
4360 28.103±0.319% 21.192±0.277% 20.909±0.271% 21.979±0.305% 21.021±0.244%
4420 28.177±0.320% 20.817±0.273% 20.346±0.288% 21.646±0.329% 23.073±0.303%
4600 28.237±0.322% 21.583±0.278% 19.480±0.309% 20.969±0.389% 19.519±0.366%
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Figure B.7: (a) Optimization of χ2/d.o.f , (b) Optimization of an-
gle between shower and closest charged track , (c) Op-
timization of rejecting the monoenergetic shower’s pi0
pull
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B.8 ηc(1S)→ K−KSpi+pi+pi−
Final Event Selection: χ2/d.o.f <4.25, pi0 Pull of monoenergetic photon>1.75σ,
Prob(K−)>Prob(pi−) and L/σ > 2
branching fraction = 1.38%
Energy (MeV) eff eff*(1+δ) eff*(1+δ) eff*(1+δ) eff*(1+δ)
No ISR Flat Belle Y(4260) Breit-Wignet Y(4260) Y(4360) ISR
4010 18.388±0.279% 13.522±0.234% 13.877±0.232% 13.553±0.215% 12.965±0.214%
4230 18.958±0.282% 13.738±0.239% 14.591±0.216% 13.345±0.211% 13.379±0.212%
4260 18.884±0.283% 13.498±0.241% 15.233±0.218% 13.597±0.218% 12.866±0.206%
4360 19.706±0.288% 14.388±0.244% 15.278±0.248% 14.705±0.266% 14.092±0.214%
4420 18.889±0.285% 13.773±0.241% 14.853±0.259% 14.204±0.285% 14.707±0.261%
4600 19.438±0.287% 14.098±0.243% 13.859±0.279% 14.443±0.344% 12.512±0.316%
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Figure B.8: (a) Optimization of χ2/d.o.f , (b) Optimization of
decay length over error , (c) Optimization of angle
between shower and closest charged track , (d) Op-
timization of rejecting the monoenergetic shower’s pi0
pull
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B.9 ηc(1S)→ K+KSpi+pi−pi−
Final Event Selection: χ2/d.o.f <4.00, pi0 Pull of monoenergetic photon>2.00σ,
Prob(K+)>Prob(pi+) and L/σ > 2
branching fraction = 1.38%
Energy (MeV) eff eff*(1+δ) eff*(1+δ) eff*(1+δ) eff*(1+δ)
No ISR Flat Belle Y(4260) Breit-Wignet Y(4260) Y(4360) ISR
4010 17.856±0.274% 13.493±0.234% 13.504±0.230% 12.921±0.212% 13.106±0.213%
4230 18.546±0.278% 13.885±0.238% 13.813±0.211% 13.427±0.213% 13.135±0.210%
4260 18.681±0.282% 14.095±0.239% 15.020±0.216% 13.853±0.218% 13.481±0.209%
4360 18.956±0.285% 13.986±0.239% 15.547±0.248% 14.376±0.263% 14.070±0.215%
4420 18.729±0.282% 13.346±0.235% 14.677±0.258% 14.150±0.284% 15.017±0.260%
4600 18.838±0.283% 14.313±0.245% 13.545±0.275% 14.551±0.342% 12.560±0.314%
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Figure B.9: (a) Optimization of χ2/d.o.f , (b) Optimization of
decay length over error , (c) Optimization of angle
between shower and closest charged track , (d) Op-
timization of rejecting the monoenergetic shower’s pi0
pull
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B.10 ηc(1S)→ K−KSpi+
Final Event Selection: χ2/d.o.f <3.75 and pi0 Pull of monoenergetic photon>3.25σ
and Prob(K−)>Prob(pi−)
branching fraction = 1.30%
Energy (MeV) eff eff*(1+δ) eff*(1+δ) eff*(1+δ) eff*(1+δ)
No ISR Flat Belle Y(4260) Breit-Wignet Y(4260) Y(4360) ISR
4010 31.513±0.375% 23.830±0.325% 22.969±0.311% 23.286±0.292% 23.077±0.291%
4230 31.695±0.376% 23.250±0.321% 23.563±0.289% 23.091±0.284% 22.428±0.280%
4260 31.482±0.374% 23.968±0.325% 24.582±0.293% 23.438±0.295% 22.669±0.283%
4360 32.357±0.379% 23.947±0.325% 24.832±0.334% 24.815±0.358% 23.142±0.287%
4420 31.594±0.377% 23.131±0.321% 24.065±0.351% 23.190±0.381% 25.449±0.350%
4600 31.847±0.378% 23.875±0.326% 23.954±0.378% 23.718±0.458% 21.697±0.430%
0 1 2 3 4 5 6 7 8 9 100
1
2
3
4
5
6
7
8
+pi  S  K
-K→
c
η
FO
M
ef
f (
%)
Chi2DOF<x
0
5
10
15
20
25
30
35
40
=10pb, Data SBσ
=10pb, MC SBσ
=1pb, Data SBσ
=1pb, MC SBσ
0 1 2 3 4 5 6 7 8 9 100
1
2
3
4
5
6
7
8
+pi  S  K
-K→
c
η
No Cut
FO
M
ef
f (
%)
abs(VeeLSigmaP3)>x
26
27
28
29
30
31
32
33
=10pb, Data SBσ
=10pb, MC SBσ
=1pb, Data SBσ
=1pb, MC SBσ
0 2 4 6 8 10 12 14 16 18 200
1
2
3
4
5
6
7
8
+pi  S  K
-K→
c
η
No Cut
FO
M
ef
f (
%)
ShDangP1>x
31.2
31.4
31.6
31.8
32
32.2
32.4
32.6
32.8
33
=10pb, Data SBσ
=10pb, MC SBσ
=1pb, Data SBσ
=1pb, MC SBσ
0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 50
1
2
3
4
5
6
7
8
9
+pi  S  K
-K→
c
η
FO
M
ef
f (
%)
ShPi0PullP1>x
31.8
32
32.2
32.4
32.6
32.8
33
=10pb, Data SBσ
=10pb, MC SBσ
=1pb, Data SBσ
=1pb, MC SBσ
Figure B.10: (a) Optimization of χ2/d.o.f , (b) Optimization of
decay length over error , (c) Optimization of angle
between shower and closest charged track , (d) Opti-
mization of rejecting the monoenergetic shower’s pi0
pull
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B.11 ηc(1S)→ K+KSpi−
Final Event Selection: χ2/d.o.f <4.25 and pi0 Pull of monoenergetic photon>3.00σ
and Prob(K+)>Prob(pi+)
branching fraction = 1.30%
Energy (MeV) eff eff*(1+δ) eff*(1+δ) eff*(1+δ) eff*(1+δ)
No ISR Flat Belle Y(4260) Breit-Wignet Y(4260) Y(4360) ISR
4010 32.232±0.381% 24.698±0.327% 24.581±0.323% 24.143±0.301% 23.537±0.294%
4230 32.912±0.386% 24.301±0.325% 24.582±0.294% 24.251±0.292% 23.909±0.291%
4260 33.376±0.387% 24.849±0.329% 25.253±0.301% 24.784±0.302% 23.133±0.286%
4360 33.499±0.386% 25.299±0.332% 26.547±0.346% 26.073±0.365% 24.525±0.291%
4420 33.323±0.386% 24.393±0.327% 25.559±0.358% 25.318±0.390% 27.189±0.360%
4600 33.194±0.387% 24.824±0.334% 24.019±0.382% 24.774±0.466% 21.927±0.436%
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Figure B.11: (a) Optimization of χ2/d.o.f , (b) Optimization of
decay length over error , (c) Optimization of angle
between shower and closest charged track , (d) Opti-
mization of rejecting the monoenergetic shower’s pi0
pull
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B.12 ηc(1S)→ K+K−pi0
Final Event Selection: χ2/d.o.f <2.75 and pi0 Pull of monoenergetic photon>2.75σ
and Prob(K+)>Prob(pi+) and Prob(K−)>Prob(pi−)
branching fraction = 1.04%
Energy (MeV) eff eff*(1+δ) eff*(1+δ) eff*(1+δ) eff*(1+δ)
No ISR Flat Belle Y(4260) Breit-Wignet Y(4260) Y(4360) ISR
4010 21.659±0.352% 16.337±0.302% 14.539±0.275% 16.263±0.277% 16.459±0.277%
4230 22.976±0.361% 16.744±0.306% 14.718±0.253% 16.508±0.273% 15.740±0.267%
4260 22.910±0.362% 16.727±0.305% 15.642±0.260% 16.276±0.277% 15.553±0.263%
4360 22.077±0.358% 16.458±0.304% 16.189±0.298% 17.434±0.340% 16.416±0.269%
4420 21.633±0.353% 16.271±0.302% 16.070±0.318% 16.693±0.359% 18.001±0.338%
4600 22.311±0.360% 16.691±0.304% 14.802±0.333% 16.637±0.427% 14.896±0.395%
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Figure B.12: (a) Optimization of χ2/d.o.f , (b) Optimization of
angle between shower and closest charged track , (c)
Optimization of rejecting the monoenergetic shower’s
pi0 pull
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B.13 ηc(1S)→ K+K−pi+pi−
Final Event Selection: χ2/d.o.f <3.00 and pi0 Pull of monoenergetic photon>1.50σ
and Prob(K+)>Prob(pi+) and Prob(K−)>Prob(pi−)
branching fraction = 0.950%
Energy (MeV) eff eff*(1+δ) eff*(1+δ) eff*(1+δ) eff*(1+δ)
No ISR Flat Belle Y(4260) Breit-Wignet Y(4260) Y(4360) ISR
4010 25.837±0.397% 19.171±0.334% 18.991±0.324% 18.878±0.310% 17.846±0.300%
4230 26.367±0.403% 18.484±0.336% 19.083±0.298% 18.640±0.296% 18.084±0.294%
4260 26.755±0.402% 19.241±0.336% 19.739±0.302% 19.254±0.310% 18.822±0.297%
4360 26.941±0.407% 18.926±0.340% 20.381±0.349% 20.196±0.374% 19.167±0.301%
4420 26.969±0.405% 18.772±0.337% 19.452±0.362% 19.860±0.410% 20.387±0.367%
4600 26.964±0.407% 19.667±0.344% 19.141±0.393% 19.182±0.492% 17.324±0.450%
0 1 2 3 4 5 6 7 8 9 100
0.2
0.4
0.6
0.8
1
1.2
1.4
1.6
1.8
2
-pi  +pi  
-
  K+K→
c
η
FO
M
ef
f (
%)
Chi2DOF<x
0
5
10
15
20
25
30
35
40
=10pb, Data SBσ
=10pb, MC SBσ
=1pb, Data SBσ
=1pb, MC SBσ
0 2 4 6 8 10 12 14 16 18 200
0.2
0.4
0.6
0.8
1
1.2
1.4
1.6
1.8
2
-pi  +pi  
-
  K+K→
c
η
No Cut
FO
M
ef
f (
%)
ShDangP1>x
26.4
26.6
26.8
27
27.2
27.4
27.6
27.8
28
=10pb, Data SBσ
=10pb, MC SBσ
=1pb, Data SBσ
=1pb, MC SBσ
0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 50
0.2
0.4
0.6
0.8
1
1.2
1.4
1.6
1.8
2
2.2
-pi  +pi  
-
  K+K→
c
η
FO
M
ef
f (
%)
ShPi0PullP1>x
26.8
27
27.2
27.4
27.6
27.8
28
=10pb, Data SBσ
=10pb, MC SBσ
=1pb, Data SBσ
=1pb, MC SBσ
Figure B.13: (a) Optimization of χ2/d.o.f , (b) Optimization of
angle between shower and closest charged track , (c)
Optimization of rejecting the monoenergetic shower’s
pi0 pull
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B.14 ηc(1S)→ K+K−pi+pi+pi−pi−
Final Event Selection: χ2/d.o.f <4.00 and pi0 Pull of monoenergetic photon>2.50σ
and Prob(K+)>Prob(pi+) and Prob(K−)>Prob(pi−)
branching fraction = 0.830%
Energy (MeV) eff eff*(1+δ) eff*(1+δ) eff*(1+δ) eff*(1+δ)
No ISR Flat Belle Y(4260) Breit-Wignet Y(4260) Y(4360) ISR
4010 13.956±0.309% 9.663±0.258% 10.173±0.255% 10.039±0.238% 9.677±0.235%
4230 14.443±0.318% 10.666±0.270% 11.279±0.239% 10.490±0.239% 9.940±0.237%
4260 14.962±0.318% 10.169±0.266% 11.764±0.245% 10.344±0.245% 10.577±0.234%
4360 14.619±0.321% 10.460±0.266% 11.781±0.276% 10.891±0.295% 10.933±0.244%
4420 14.870±0.324% 10.788±0.273% 11.403±0.294% 10.803±0.323% 11.559±0.289%
4600 14.758±0.322% 11.227±0.278% 11.553±0.328% 11.285±0.392% 9.950±0.360%
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Figure B.14: (a) Optimization of χ2/d.o.f , (b) Optimization of
angle between shower and closest charged track , (c)
Optimization of rejecting the monoenergetic shower’s
pi0 pull
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Chapter C
Simultaneous fit results
The plots below are the resulting fits to each ηc(1S) decay channel at center of mass
energies: 4.01, 4.23, 4.26, 4.36, 4.42, and 4.60 GeV. Since at any energy the differ-
ence between any of the ISR assumptions or observed cross section fits shape are
indistinguishable we show only the lineshape for the BW Y(4260) assumption.
Energy (MeV) Nobserved(e
+e− → γηc) σobserved(e+e− → γηc) Significance (σ) χ2/bin
4010 60 ± 368 0.12 ± 0.76 pb 0.15 σ 73.22 / 90
4230 1373 ± 496 1.26 ± 0.45 pb 2.66 σ 80.11 / 90
4260 1191 ± 438 1.44 ± 0.53 pb 2.81 σ 101.49 / 90
4360 966 ± 336 1.79 ± 0.62 pb 3.19 σ 71.77 / 90
4420 264 ± 386 0.25 ± 0.36 pb 0.64 σ 103.64 / 90
4600 -75 ± 230 -0.13 ± 0.40 pb 0.00 σ 64.35 / 90
Table C.1: The observed cross section, significance, and χ2/bin
when fitting each energy independently. The errors
shown are statistical only.
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Figure C.1: The recoil-mass distribution of the transition photon
for each ηc(1S) decay channel at center-of-mass energy
4.01 GeV (left) and 4.26 GeV (right). Projections
from the simultaneous fit are overlaid. A dotted line
indicates the ηc(1S) mass; a dashed line indicates the
J/ψ mass.
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Figure C.2: The recoil-mass distribution of the transition photon
for each ηc(1S) decay channel at center-of-mass energy
4.26 GeV (left) and 4.36 GeV (right). Projections
from the simultaneous fit are overlaid. A dotted line
indicates the ηc(1S) mass; a dashed line indicates the
J/ψ mass.
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Figure C.3: The recoil-mass distribution of the transition photon
for each ηc(1S) decay channel at center-of-mass energy
4.42 GeV (left) and 4.60 GeV (right). Projections
from the simultaneous fit are overlaid. A dotted line
indicates the ηc(1S) mass; a dashed line indicates the
J/ψ mass.
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